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Abstract 

We investigate the possibility that Dark Matter could be made of scalar candidates 
and focus, in particular, on the unusual mass range between a few MeV's and a 
few GeV's. After showing why the Lee-Weinberg limit (which usually forbids a 
Dark Matter mass below a few GeV's) does not necessarily apply in the case of 
scalar particles, we discuss how light candidates (m^ < O(GeV) ) can satisfy 
both the gamma ray and relic density constraints. We find two possibilities. Either 
Dark Matter is coupled to heavy fermions (but if m^ m Zz> 100 MeV, an asymmetry 
between the Dark Matter particle and antiparticle number densities is likely to be 
required), or Dark Matter is coupled to a new light gauge boson U . The (collisional) 
damping of light candidates is, in some circumstances, large enough to be mentioned, 
but in most cases too small to generate a non linear matter power spectrum at the 
present epoch that differs significantly from the Cold Dark Matter spectrum. On 
the other hand, heavier scalar Dark Matter particles (i.e. with mdm 

> O(GeV)) 

turn out to be much less constrained. We finally discuss a theoretical framework 
for scalar candidates, inspired from theories with N = 2 extended supersymmetry 
and/or extra space dimensions, in which the Dark Matter stability results from a 
new discrete (or continuous) symmetry. 



1 Introduction 

The nature of Dark Matter (DM) is still a challenging question in cosmology. 
While ordinary matter appears to be a very unlikely explanation [1-3] to a set 
of well-known observations, the solution based on the existence of a new kind 
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of neutral, stable and Weakly Interacting Massive Particles (WIMPs) [4] is 
still under investigations. The preferred theoretical framework which supports 
such particles, namely supersymmetry, remains hypothetical and possible dis- 
crepancies between observations and some of the Cold Dark Matter theoretical 
predictions are still under debate [5-7] . This makes worthwhile to explore less 
conventional possibilities, as we shall do here. 

To satisfy the relic density requirement 2 as well as other experimental con- 
straints, the Dark Matter mass (and, in particular, the mass of the presently 
favored candidate, the lightest neutralino), is generally thought to lie between 
mrfm ~ O(GeV) (in fact O(30 GeV) for neutralinos, assuming unification 
constraints) and O(TeV) [8,9]. While this range certainly appears natural 
and promising, surprisingly enough, "light" annihilating particles with a mass 
below a few GeV's and no significant direct coupling to the Z boson do not 
appear experimentally excluded as yet, as we shall see here. This immediately 
raises the question of their relic abundance. 

Annihilating Dark Matter particles with a mass below a few GeV's are gener- 
ally expected to be ruled out because they would overdose the Universe [10]. 
But this argument, based on a relationship between the cosmological parame- 
ter fldmh 2 and the Dark Matter annihilation cross section a ann , applies only to 
fermionic candidates for which <J ann is seen to be proportional to m dm . In the 
case of scalar particles, however, the situation is different. The estimated relic 
abundance of such candidates may in fact vary considerably, depending on if 
and how these are taken to interact with ordinary matter. For scalar candi- 
dates interacting through Higgs exchanges [11] - which interact very weakly 
with ordinary matter - the resulting weakness of the annihilation cross sec- 
tions tends to lead to an excessively large relic abundance, especially in the 
case of light scalar particles. We shall discuss here other situations, in which 
the scalar candidate interacts with ordinary matter either through Yukawa ex- 
changes of new fermions (such as mirror fermions), or through the exchanges 
of a new neutral gauge boson. The annihilation cross sections can then be 
largely independent of the Dark Matter mass or depend on two low masses 
(namely the Dark Matter mass and the mass of the exchanged particles), so 
the relationship between a ann and fldmh 2 eventually turns out to (mostly) con- 
strain the mass and coupling constants of the exchanged particles. We show 
that in such situations scalar particle masses below a few GeV's are indeed 
possible, as far as the relic density argument is concerned. 

At this stage it gets necessary to perform a further analysis. Indeed even if they 
have the correct relic density light scalar candidates could still be ruled out by 
other astrophysical constraints such as, for instance, the precise measurement 
of gamma ray fluxes below a few GeV's. By comparing the observed fluxes with 
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those expected from Dark Matter residual annihilations into ordinary particles, 
it comes out that particles lighter than a few hundred MeV's are excluded if 
their annihilation cross section times velocity (o" ann f re /) behaves mostly as 
a constant [12] (unless there is an asymmetry between the Dark Matter and 
anti Dark Matter number densities). On the other hand, such particles could 
escape past and possibly present gamma ray detection experiments if <r ann v re \ 
was significantly dominated, at the freeze-out epoch, by a term proportional 
to the square of the Dark Matter velocity, i.e. if o" ann t> re / ~ b v 2 dm at the 
freeze-out epoch (with b a constant). 

The aim of this paper is therefore to check whether or not scalar Dark Matter 
candidates can have properties which are compatible, simultaneously, with 

- the relic density requirement, 

- the measured gamma ray fluxes, 

- and, finally, the present experimental limits from particle physics experi- 
ments. 

After giving the generic Feynman rules which enter our calculations, we dis- 
cuss, in Section 3, how theories with a new light gauge boson U may be con- 
structed, the general properties of U interactions, as well as possible implica- 
tions for Higgs bosons. We compute, in Section 4, the annihilation cross section 
of light scalar candidates into fermion-antifermion pairs. We then look for the 
conditions that allow this cross section (times relative velocity) to give rise to a 
satisfactory relic density and be significantly dominated by a term proportional 
to v\ m at the freeze-out epoch (which is of interest for m dm < 100 MeV). Be- 
cause the possible existence of non-chiral Yukawa couplings for scalar particles 
appears very important regarding the relic density issue, we also rederive for 
comparison the annihilation cross section of fermionic candidates in Section 5. 
Section 6 is dedicated to the question of the collisional damping generated 
by light scalar candidates. To that respect, we compute the elastic scattering 
cross section of Dark Matter with neutrinos and determine their associated 
damping scale. We then discuss, in Section 7, the case of an asymmetry be- 
tween the number densities of Dark Matter particles and antiparticles, as a 
way to evade the gamma ray constraint on m^ m ^ 100 MeV. Finally, we in- 
vestigate in Section 8 a theoretical framework (inspired from N = 2 extended 
supersymmetry and/or theories with extra space dimensions) in which a light 
"spin-0 gauge boson" {e.g. a "spin-0 photon") could turn out to be a viable 
Dark Matter candidate. 



2 Dark Matter couplings 

Although the Dark Matter stability could result from the extreme smallness 
of its couplings to ordinary particles, we find more elegant to impose a new 
symmetry, which may be either discrete or continuous. 
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The case of self conjugate Dark Matter particles (dm = dm*) will be described 
by introducing a new Z 2 discrete symmetry (called M-parity and denoted 
M p ), while the case dm 7^ dm* will be obtained by imposing other discrete 
or continuous symmetries (e.g. U(l)), that we call M symmetry and denote 
simply by M (to contrast with M p , dedicated to the Z2 symmetry only). 

In the case of a M-parity, somewhat similar to i?-parity in supersymmetric 
theories [13], we can distinguish between "M-even" and "M-odd" particles 

M 

(their associated fields transforming according to — -> — (f)). The denomi- 
nation is slightly different in the case of a M symmetry, for which we shall 
distinguish between particles transforming trivially or non-trivially under the 
M symmetry, t If the LMP (i.e. the lightest of the M-odd particles, or the 
lightest of the particles transforming non trivially under the new symmetry) is 
neutral and uncolored, then we end up with a possible Dark Matter candidate. 
This is actually what we shall assume from now on. 

2. 1 Direct Yukawa couplings of scalar Dark Matter to matter particles 

Similarly to neutralinos in supersymmetry, we may expect Dark Matter par- 
ticles to be coupled to ordinary fermions (/) and other particles (F). These F 
particles denote new fermions if Dark Matter is bosonic or new bosons if Dark 
Matter is fermionic. The new states F and Dark Matter particles transform in 
the same way under the new symmetry, so we can introduce non-diagonal 
couplings of the type dm—f—F which are expected to be invariant under 
M-parity or M symmetry, whatever the Dark Matter spin (that we shall re- 
strict to be or 1/2 for simplicity). We shall set the masses of charged F's to 
be typically above ~ 100 GeV's so as to be compatible with unfruitful searches 
for new charged particles. 

Let us now express the corresponding relevant Feynman rules in the case of 
scalar Dark Matter. The F's denote new spin- 1/2 fermions and the Yukawa 
couplings dm-f-F can be written as 

S (Q TlF r +C t J^F l ) + h.c. . 

This leads to the following Feynman rule: 




F 



where Pl and Pr denote the two chiral projectors. 
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Here S stands for the spin-0 Dark Matter field, and C\ and C r denote the 
strengths of its Yukawa couplings to the left-handed and right-handed ordi- 
nary fermion fields fi and respectively. The left-handed fermion fields Jl 
transform as members of electroweak doublets and their right-handed coun- 
terparts as singlets, so in the most relevant case for which Dark Matter is an 
electroweak singlet (possibly mixed with the neutral component of an elec- 
troweak triplet, as we shall discuss later), the new fermion fields Fr should 
transform as members of electroweak doublets and their left-handed counter- 
parts F L as singlets. In other words, the new fermion fields F appear to be 
mirror partners of the ordinary fermion fields /. 



As also discussed later in Section 8, one can indeed construct models (pos- 
sibly but not necessarily inspired from extended supersymmetry and/or ex- 
tra space dimensions), in which quarks and leptons (built from left-handed 
electroweak doublets and right-handed singlets), are supplemented by mirror 
partners (built from right-handed doublets and left-handed singlets). Ordinary 
as well as mirror quarks and leptons acquire their masses, as usual, after spon- 
taneous gauge symmetry breaking through their couplings to one or several 
electroweak Englert-Brout-Higgs doublets. Experimental constraints require 
mirror charged fermions to be sufficiently heavy, more than about 100 GeV's 
at least, which may be easily realized as soon as their Yukawa couplings to 
the Higgs are taken to be sufficiently large. In addition, mirror neutrinos, 
which did not show up in Z decays, should be heavier than about 40 GeV's 
at least. This may be realized, for example, by considering them (at least in 
a first approximation) as 4-component Dirac fermions, with large Dirac mass 
terms connecting right-handed mirror neutrino fields (members of electroweak 
doublets), with associated left-handed extra singlet ("sterile") neutrino fields 
(without introducing large "Majorana mass terms" for the latter). 



Furthermore, a "mirror-parity" symmetry distinguishing between the ordinary 
and mirror sectors prevents ordinary fermions to mix with those of the mirror 
sector. Nevertheless, ordinary and mirror fermions may still be coupled to- 
gether, in a gauge-invariant way. The corresponding Yukawa couplings would 
then involve "mirror-odd" scalars - e.g., in the simplest neutral elec- 

troweak singlet, for which one can immediately write a gauge-invariant mass 
term. The lightest of these scalars, i.e. in fact the "LMP", would then be 
stable thanks to M-parity (as soon as it is lighter than all mirror fermions), 
providing, in this way, a possible Dark Matter candidate. This particle would 
interact with ordinary matter, or annihilate in pairs, through mirror fermion 
exchanges with ordinary matter fermions. This constitutes, precisely, one of 
the main subjects of the paper. 
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2.2 For comparison, direct Yukawa couplings of spin- 1/2 Dark Matter parti- 
cles. 

Let us now also express, for the purpose of future comparisons, the corre- 
sponding Feynman rules in the usual case of spin-1/2 Dark Matter particles. 
The F's then represent new boson fields. We make the assumption that they 
are scalar fields (e.g. the squarks and sleptons, in the case of supersymme- 
try), for simplicity. Their non-diagonal Yukawa couplings to Dark Matter and 
ordinary fermion fields / may in principle involve, similarly to the coupling 
/ — / — x° m supersymmetry, the two quantities \C\ F / l 5r + h.c. ] and 
[C r FJr~5 l + h.c.}. 

• If Dark Matter is a Majorana particle (so that Sr = (5l) c ), and in the 
simplest case for which the F and Sr fields would appear as eigenstates of 
the weak isospin T 3 , the electroweak gauge invariance requires that one or 
the other of the two Yukawa couplings C\ and C r must vanish identically, 
i.e. that the couplings of a Majorana Dark Matter particle with a spin-0 
field F be chiral, i.e. for example 

Ci FTlSr + h.c. , 

which gives rise to the rule: 




QPr 



• If Dark Matter is a Majorana particle, but 5 (or F) appear as mixings of 
field components with different values of T3, then one expects that non- 
chiral couplings such as for instance 

Ci Fh5 R + C r FJr~5 l + h.c. , 

be generated, in a way compatible with the (spontaneously broken) SU{2) x 
U(l) gauge symmetry. (Such a situation may occur, for example, in super- 
symmetric theories, where F would denote a new state resulting from the 
mixing of the two spin-0 sfermion fields /x and Jr, and 5 a Majorana 
neutralino.) We then get the following Feynman rule: 
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• If, on the other hand, Dark Matter is a Dirac particle (so that 8l and 8r 
denote independent field components), then the Yukawa couplings of the 
spin-0 fields F to Dark Matter and ordinary fermions may also be written 
in a non-chiral way as: 

Ci FTl8r + C r Fh8 L + h.c. . 
This again gives rise to: 




2. 3 Couplings to Z or Higgs bosons 

Dark Matter particles may interact with ordinary matter through Z boson 
exchanges, as in the case of a neutralino, or scalar neutrino. They should 
then necessarily be heavy, otherwise they would have been pair-produced in Z 
decays. A light dark matter candidate should have no significant direct cou- 
pling to the Z boson, but it could still interact with ordinary matter through 
the exchanges of other spin-1 gauge bosons (as we shall discuss in the next 
subsection), or of spin-0 Higgs bosons. 

In the case of scalar Dark Matter particles interacting with matter through 
spin-0 Higgs boson exchanges, as discussed for example in the simple model 
of Ref. [11], the weakness of the Higgs couplings to ordinary fermions leads, 
in general, to a too small annihilation cross section and therefore a too large 
relic abundance of dark matter particles, unless one is ready to compensate for 
that by considering a large dark matter/Higgs boson coupling (which would 
tend to make the theory non-perturbative), or to assume that Dark Matter is 
close to in mass to mHi ggs /2 - and therefore relatively heavy. Since Higgs or Z 
exchanges do not really favor light Dark Matter particles, we shall disregard 
this possibility in what follows. 



2.4 Couplings to a new gauge boson 

Dark Matter particles can also interact with ordinary fermions / through 
couplings to a new neutral gauge boson U, should it exist (in fact a U boson 
has already been proposed earlier but in another context [14,15]). We shall 



7 



denote the coupling constant (s) between two Dark Matter particles and the 
U boson (i.e. the [/-charge of the Dark Matter field) by Cu in the case of a 
scalar Dark Matter field, by Gy r in the case of a Majorana Dark Matter field 
(rewritten as a right-handed fermion field) and by Cy l and Gy r in the case of 
a Dirac Dark Matter field, while the couplings of the U boson with ordinary 
chiral fermion fields will be denoted by fu, and fu r , respectively. We then end 
up with the following rules: 




3 More on theories with a spontaneously broken extra U(l) gauge 
symmetry 

3.1 An extra U(l), and its spontaneous breaking 

We shall work within the framework of spontaneously broken gauge theories, 
in which the Standard Model gauge group is extended so as to include, at least, 
an extra U(l) factor. The new resulting neutral gauge boson, U, acquires a 
mass from the spontaneous breaking of the SU(3) x £77(2) x U(l) x extra 
U(l) gauge symmetry into the SU(3) x U (1) subgroup of QCD x QED 3 . This 
breaking, and the subsequent mass of the U boson, may be obtained explicitly 
from the non-vanishing vacuum expectation values of two electroweak Higgs 
doublets <fi, such as those present in supersymmetric theories [13]; or of two 
Higgs doublets + an extra singlet (that we may call here a), allowing us to 
increase, if necessary, the scale F at which the extra £7(1) symmetry is spon- 
taneously broken, so that the effects of the exchanges, or direct production, of 
the new neutral gauge boson U may be sufficiently small [14,15]. Or simply (in 
the absence of supersymmetry) by the v.e.v.'s of only one electroweak Higgs 
doublet {if) and one extra singlet (a) [16]. Such additional singlets interact- 

3 While this extra U(l) was originally introduced in connection with spontaneous 
supersymmetry breaking, this initial motivation has faded away and it should now 
be considered, independently of supersymmetry. 
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ing with the Higgs doublets ip may be naturally present in many situations, 
including in particular non-minimal versions of the supersymmetric standard 
model [13,17], supersymmetric grand-unified theories, theories with extended 
supersymmetry and/or extra dimensions, ... . In contrast with the Higgs dou- 
blet (s) ip , the extra Higgs singlet (s) a can never couple directly to ordinary 
quarks and leptons, a point which will be of importance later. A general analy- 
sis discussing in particular which are the possible extra U(l) symmetries which 
may be gauged 4 (with gauge coupling g"), and how the associated current 
J" may mix with the SU(2) x U(l) current J 3 — sin 2 9 J em to give the new 
current Jy and the weak neutral current Jz, and many possible effects of a 
new light gauge boson U, is given in Ref. [18]. 

3.2 Possible effects on neutral current phenomenology: towards a light U bo- 
son 

Clearly the question of possible Z — U mixing effects, which might spoil the 
(now very well-known) properties of the Z boson and corresponding neutral 
current Jz, is of primary importance, and we must make sure that such effects 
be sufficiently small, in the situations we are interested in. Such a mixing may 
indeed be absent - as, for example, in the simplest situations considered in 
[13,14], when the two Higgs doublets ifi are taken to acquire equal v.e.v.'s 
(corresponding to tan f3 — 1 in modern susy language, or \ jx — 1 in the axion 
language). 

But if we then recover exactly the usual properties and neutral current inter- 
actions of the Z boson, we still have to worry about the effects of [/-boson 
exchanges on weak neutral current processes, which have to be sufficiently 
small. In a number of situations, in which the extra U(l) symmetry would 
be broken at or around the electroweak scale v, for example by two Higgs 
doublets, these [/-exchange amplitudes would be proportional to g" 2 /mjj i.e. 
precisely to Gf, just as for the standard Z-exchange weak amplitudes, which 
turned out to be in contradiction with experimental results on neutral current 
processes [14]. 

This led us (apart from the obvious possible solution to increase the mass of 
the U so as to make it very heavy) to pay special attention to situations in 
which the extra U (1) gauge coupling constant g" is taken to be small, together 
with the mass mjj of the new neutral gauge boson U; propagator effects then 
become essential when estimating U exchange amplitudes. This is usually 

4 We also assume that the anomalies associated with the extra U(l) gauge sym- 
metry are suitably cancelled, which may be easily realized, e.g. by using the B — L 
and Y symmetry generators in the fermionic sector, or by introducing mirror 
fermions, .... 
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(at least for a symmetry breaking scale F ?t electroweak scale) sufficient to 
make the [/-exchange amplitudes (proportional to g" 2 /(mfj — q 2 ) ) negligible 
compared to the Z-exchange amplitudes (proportional to (g 2 + g' 2 )/m 2 z , i .e. 
to Gp), in high-energy scattering experiments (with \q 2 \ S> 5 ) [14] - a 
first success against too large unwanted effects of the new gauge boson ! 

In the case of experiments performed at lower energies and therefore smaller 
values of the momentum transfer \q 2 \ ^ , on the other hand, U boson 
exchanges could still contribute quite significantly or even excessively to neu- 
trino scattering cross sections. Extra scattering amplitudes of neutrinos on 
electrons, fixed by the ratios fuufue/ ("m-u ~ Q 2 ) (denoting by j\j v and fu e 
the [/-charges of the neutrino and electron fields, respectively), should be 
added to the usual standard model weak-interaction scattering amplitudes, 
which appear with a coefficient 2 Gp\pl. The neutrino-electron scattering 
cross section has been measured at low energy 20-50 MeV, correspond- 
ing to small momentum transfer of a few MeV's), by the LAMPF and LSND 
experiments, which found no significant deviation from the Standard Model 
[19]. The resulting constraint may be written as \fuufue\/{ m u ~ I 2 ) ~ Gf or 
simply \fuvfue\/mu ~ Gf if the U is heavier than a few MeV's. This may 
lead us, subsequently, to consider very small values of the U coupling to the 
neutrinos (or, possibly, a very small coupling to the electron). 



3.3 A very light U boson does not decouple, even in the limit of vanishing 
gauge coupling! 

Once we take this direction of a small g" i.e. of a rather weakly coupled and 
light U boson, we might naively think that it is sufficient to consider a suffi- 
ciently small g" so as to get rid of all the unwanted effects of the new gauge 
boson U. The interactions of this new boson, however, should not be taken as 
negligible, even in the limit in which the extra U(l) gauge coupling constant g" 
gets extremely small ! Indeed an equivalence theorem shows that, in this low 
mass and low coupling limit (i.e. for small mu ~ g" F and small g" , their 
fixed ratio defining the scale F at which the extra U(l) symmetry gets spon- 
taneously broken 6 ), the longitudinal polarisation state of the massive spin-1 
U boson does not decouple ! It behaves, instead, very much as the massless 
spin-0 Goldstone boson associated with the spontaneous breaking of the extra 
U(l), now considered as a global symmetry [14,15]. This is quite similar to 



5 The \q 2 \ term then remains essential it the expression of the U boson proga- 
tor, while it may be neglected compared to m z 2 , in the corresponding Z boson 
propagator. 

6 This scale F is determined by the v.e.v.'s of the various Higgs doublets and 
singlets ... responsible for the spontaneous breaking of the extra U(l) symmetry. 
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the equivalence theorem of supersymmetry, according to which a light spin- 
3/2 gravitino does not decouple in the limit k = y/8ir , but interacts 

(proportionally to /t/m 3 / 2 i.e. to 1/d ~ very much like the massless 

spin-1/2 goldstino of spontaneously broken global supersymmetry [20]. 

We should therefore pay a particular attention to these residual interactions 
of the longitudinal polarisation state of the U boson, which behaves very 
much as a (quasi massless) spin-0 Goldstone boson. In fact it could appear 
as quasimassless axionlike particle, which might show up in ip, T and (if 
lighter than ~ 1 MeV) positronium decays [14,15,18,21]! However, if we look 
at things more closely, the phenomenology of such models varies considerably, 
depending on whether the current to which the new gauge boson U couples is 
purely vectorial (as e.g. in the one-Higgs-doublet + one-Higgs-singlet situation 
detailed in Ref. [16]), or has also an axial part, as it occurs in general when 
there is more than one Higgs doublet, as in supersymmetric theories (cf. the 
general discussion in Ref. [18]). In these latter cases a very light U boson 
behaves very much as a spin-0 axion (in contrast with the simpler case of a 
purely vectorial U current). And we then run the risk of having this particle 
excluded experimentally, very much as it happened for a standard axion. 

3.4 The "invisible U -boson" mechanism 

Fortunately enough a U boson, however, can be made "invisible" (in particle 
physics experiments) if the corresponding extra U(l) symmetry breaking scale 
F is taken to be sufficiently large (as compared to the electroweak scale v ~ 
246 GeV) by using, for example, a large Higgs singlet vacuum expectation 
value (<er>) responsible for the generation of this large symmetry breaking 
scale (F ^ <ff>> v) [14,15]. (The same mechanism, incidentally, can also 
be used to make the interactions of the spin-0 axion in particle physics almost 
"invisible", in correspondence with what happens for the spin-1 U boson, in 
agreement with the equivalence theorem mentioned earlier 7 .) If we denote 
a = ^7=^ this extra Higgs field transforming non-trivially under the extra 
£7(1) symmetry, the longitudinal degree of freedom of the very light spin-1 
U boson behaves very much as the corresponding - also almost "invisible" - 
(eaten) pseudoscalar Goldstone boson. The latter, almost identical to a in the 
large F limit, is then very weakly coupled to ordinary matter. 

3.5 A purely vectorial U current 

The neutral current Jy to which the U boson couples is obtained from the 
7 See e.g. footnote 8 in Ref. [14]. 
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extra {7(1) current J", after taking into account an additional contribution 
proportional to J3 — sin 2 9 J em arising from Z — U mixing effects, when such 
effects are present [18,22]. It involves in general an axial part (if there is more 
than one Higgs doublet) as well as a vector part which turns out to involve 
(as far as leptons and quarks are concerned) a linear combination of the B, L 
and electromagnetic currents. 

However there are also simpler situations in which the extra {7(1) current turns 
out to be purely vectorial [16]. Indeed, to avoid any potential difficulty with 
an axionlike behavior of the U boson (and having to resort to an extra {7(1) 
symmetry broken "at a high scale" F significantly larger than the electroweak 
scale), we shall often concentrate for simplicity on such situations. Then no 
(potentially troublesome) axionlike behavior of the longitudinal polarisation 
state of the U boson (associated with non- vanishing axial couplings to quarks 
and leptons) will manifest, and the extra {7(1) symmetry is in this case not nec- 
essarily systematically constrained to be broken at a scale F higher than the 
electroweak scale. Explicit examples have been detailed, with the spontaneous 
gauge symmetry breaking triggered by the standard model Higgs doublet ip , 
supplemented with an electroweak singlet a which only transforms under the 
extra {7(1) symmetry, and does not couple directly to quarks and leptons [16]. 
After mixing effects between neutral gauge bosons are taken into account, the 
Z boson field and Z current expressions remain essentially unchanged when 
one considers, as we do here, sufficiently small values of the extra {7(1) gauge 
coupling g" . The quark and lepton contribution to the U current turns out 
to be a linear combination of the corresponding B, L and electromagnetic 
currents [16,18]. 



3.6 Implications for the Higgs sector 

Within the above class of models the simplest situation is obtained when 
the standard model Higgs doublet p transforms only under the electroweak 
577(2) x i7(l) symmetry (and is alone responsible for the W ± and Z masses), 
and the new singlet Higgs field a only under the extra {7(1) symmetry (and 
is alone responsible for the U mass), so that no Z — U mixing effect occurs at 
this level. The quark and lepton contribution to the U current appears simply 
as a linear combination of the corresponding B and L currents (such as, for 
example, B — L ). The imaginary part (a) of the additional Higgs singlet 
a generates the extra ("longitudinal") degree of freedom of the massive U 
boson. Its real part (h) corresponds to an additional neutral scalar ("CP- 
even") physical Higgs field, which does not couple directly to quarks and 
leptons. 

The latter singlet field (h, given from a — > ) may (in general) or may not 
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mix with the usual standard model Higgs field (H, given from ip — > ), 
depending on the existence and magnitude of the dimensionless coupling of 
the |<^| 2 \a\ 2 gauge invariant quartic interaction in the scalar potential, which 
may be present in such models (as already in [17]), leading after translation 
of the Higgs fields to a (H + v) 2 (h + w) 2 interaction term. In the absence 
of such a term that would be responsible for doublet-singlet mixing effects, 
the usual phenomenology of the standard model Higgs boson (H) remains 
essentially unchanged. The new singlet Higgs boson (h), which has a largely 
arbitrary mass and no direct coupling to quarks and leptons, is expected to 
decay instead into UU pairs through a hUU coupling, leading to invisible as 
well as visible decay modes - depending on the invisible (dm dm or vv ) or 
visible (into e + e~, ... , depending on my) decay modes of the U boson. 

In general, however, a mixing between the H (doublet) and h (singlet) real 
scalar fields is expected to occur, as indicated above. As a result of this H — 
h mixing, the single Higgs boson of the standard model H would then get 
replaced by a pair 8 of Higgs mass eigenstates Hi 2 - Each of them would 
be coupled to quarks and leptons proportionally to their mass (m q and mi), 
as in the standard model, times the cosine, or sine, of the mixing angle (£) 
between the two doublet and singlet components (originating from the real 
parts of the p and a fields, respectively). The corresponding decay rates of 
such Higgs bosons Hi into standard model particles would then be obtained as 
e.g. T S m ( m H 2 ) c °s 2 £ an d F S m ( m H 1 ) sin 2 £ , in terms of the standard model 
decay rates for a Higgs boson of the corresponding mass. This would of course 
significantly affect the experimental searches for Higgs boson signals. Given 
the possible hints for the direct observation of a Higgs signal at LEP [23] , 
one could even contemplate the possibility of having one of these Higgs mass 
eigenstates arond 116 GeV's, for example, and the other at a different mass. 

New possible decay modes of these Higgs mass eigenstates Hi into U U pairs, 
for example, would also have to be considered in this case. They would lead 
to new Higgs decays into e.g. e + e~e + e~, e + e~ + missing energy, and totally 
invisible decay modes from U — > vv or dm dm pairs. In addition, the quartic 
hhUU coupling would also lead to further cascade modes following the decay 
of the heavier Higgs boson into the lighter one, according to H 2 — > Hi UU . 

3. 7 Back to Dark Matter candidates 

Being reassured on the possibility of reproducing, in various possible ways, the 
successful phenomenology of the Standard Model, with possibly but not nec- 
essarily interesting new features in the Higgs sector, associated with doublet- 

8 Or possibly more, in more elaborate situations. A similar phenomenon may also 
occur in non-minimal supersymmetric extensions of the standard model. 
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singlet mixing and new Higgs decay modes, we can now proceed and concen- 
trate again on our Dark Matter candidates. 

As mentioned earlier the field associated with it could be, in the simplest case, 
a neutral electroweak singlet but, more generally, it may also appear as the 
result of a mixing between the neutral components of singlets, triplets and 
doublets of the electroweak gauge group. However a significant contribution 
from electroweak doublets is usually strongly disfavored, as it would generally 
induce an unwanted diagonal coupling to the Z boson, yielding a too large con- 
tribution to the invisible decay width of the Z. Furthermore, charged partners 
under the electroweak symmetry of non-singlet Dark Matter particles should 
also be heavy, i.e. typically above ~ 100 GeV's. 



4 Annihilation cross sections of scalar candidates 

We can now compute the annihilation cross sections of a pair of Dark Matter 
scalar particles into a pair fermion/antifermion (the expressions of the squared 
matrix amplitudes are given explicitly in the Appendix). We disregard the 
annihilations into photons which, because they involve radiative processes, 
are generally expected to be smaller than the annihilations into fermion pairs. 

We shall see that, in some circumstances, the annihilation cross sections of 
spin-0 particles do not depend significantly on the mass of the incoming par- 
ticles, say in our case the Dark Matter mass. Instead, they depend on other 
parameters, namely the masses and couplings of the exchanged particles. This 
characteristic is in fact of crucial importance since it allows to evade the lower 
limit of ~ 2 GeV's given by Lee and Weinberg for spin-1/2 leptons on the basis 
of Fermi interactions (a similar limit, 0{ GeV), is found also in the framework 
of weak interactions and fermionic candidates). 

4-1 Compatibility with relic density 

The annihilation cross sections of scalar candidates into ordinary fermions have 
already been worked out within a supersymmetric framework for sneutrinos 
[24] but we shall rederive their expressions because the mass of the outcoming 
particles (i.e. ordinary fermions) was neglected, and the terms proportional 
to v\ m were disregarded when the i^m-independent contributions (or, almost 
equivalently, the S-wave terms) were found not to be identically null. Note 
that, to avoid radiative processes that would involve both the fermion F and 
the U boson, we shall consider that Dark Matter cannot be coupled to F and 
U simultaneously. This allows us to derive their contributions independently. 
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F exchanges 

We start by the coupling dm-f-F, assuming for simplicity that the Yukawa 
couplings Ci and C r are real. We want to check that the cross sections as- 
sociated with Dark Matter candidates lighter than a few GeV's and coupled 
to fermions F can satisfy, for the mass range we are interested in, the simple 
relationship imposed by relic density calculations: Qdmh 2 ~ 0( 1CT 27 — 1CT 28 ) 
cm 3 s _1 /(a ann v re i), or equivalently (a ann v rei ) ~ 0( 1(T 26 - 10' 27 cm 3 s _1 ) 
with VL dm h 2 ~ 0.1, as determined by several experiments [25,26]. (Actually 
the required cross section is expected to be two times smaller in the case of 
self-conjugate Dark Matter particles, as compared to non-self-conjugate ones.) 
Such values of the cross sections may be obtained, in particular, if the anni- 
hilation cross section a ann is mostly independent of the Dark Matter mass, as 
we shall see. 

When dm 7^ dm*, the annihilation cross section associated with the process 
dm dm* — > ff (which proceeds via a single "t" channel, see Appendix 9.1.4) 
is given, in the local limit approximation (m F > m dm >m,f), by: 



We quote here only the dominant terms but the full expression can be found 
in the Appendix. For dm=dm* (i.e. self-conjugate Dark Matter particles, see 
Appendix 9.1.3), one gets essentially the same expression but with a larger 
numerical coefficient: 



The factor four in between (1) and (2) originates from the fact that one has to 
take into account the t and u channels plus their interference terms (all of them 
contributing with the same weight). Although there is no P-wave term in the 
case of self-conjugate Dark Matter particles, there exists a v\ m contribution 
that originates from the development of the S-wave term at the second order. 

Our results indicate that a ann v re i is almost independent of the Dark Matter 
mass under the condition of non chiral couplings. As a result, one can obtain 
CannVrei ~ 0(1CT 26 ) — 0(1CT 27 ) cm 3 s _1 , almost independently of the Dark 
Matter mass, simply by adjusting the quantity C\ C r jmp. This actually il- 
lustrates a situation in which relic density calculations appear inefficient to 
rule out certain values of the Dark Matter mass. 




(1) 
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As an example, fldmh 2 ~ 0.1 can be achieved with C\ C r ~ 0.01 — 0.1 and 
mp ~ 0( 100 GeV) — 0{ TeV) for any value of the Dark Matter mass below a 
few GeV's. In fact, a more refined approach would consist in using a Boltzmann 
code [27] to determine carefully the value of {(J ann v re i) (and therefore m F and 
Ci C r etc. ) depending on the freeze-out epoch 9 . But we think that there is 
no need to go to this level of accuracy for light particles, especially since, as 
we shall see (and this is one of the main points of this paper), relic density 
calculations do not provide the most stringent constraint on candidates lighter 
than one hundred MeV's. 

In the case of chiral couplings C\ C r = 0, the above expressions (1) and (2) 
of the annihilation cross sections become meaningless 10 . One must return to 
less simplified expressions of the squared matrix amplitudes (see Appendix 
9.1.3, 9.1.4) which show that the cross sections of candidates lighter than a 
few GeV's (and with chiral couplings) remain significantly too small to allow 
for an acceptable relic density (unless one increases the couplings C\ or C r 
up to values which seem very unlikely and problematic). 

We therefore conclude, at this stage, that scalar candidates with m^ m ^ 
0{ GeV), coupled to heavy fermions F, can fulfill the relic density requirement 
only if they have non chiral couplings. 



But such a condition could turn out to eventually exclude the possibility of 
light Dark Matter candidates. Indeed, the contribution of a charged F to the 
muon and electron anomalous magnetic moments, in the case of non chiral 
couplings, is given by 8a™? >>m ^ e ~ c ' Cr 2 m ^ . Here -^-^ denotes either 

1 ° ' ° J M,e 16ir z mp mp 

( Cl — ) or ( Cl Cr ) , depending on whether one estimates the contribution 

to the muon or electron g — 2, respectively. If not cancelled, 8a™ F has to be 
lower than a few times 10~ 9 (extendable up to 5 10~ 9 ) and bd" e lF lower than a 
few times 10 -11 (up to 8 10~ n ), to be compatible with the differences between 
the experimental values and the Standard Model predictions. Since the quan- 



9 The estimate of the freeze-out epoch also depends on the annihilation cross 
section and on the Dark Matter mass but through a logarithm: m^m I^FO ~ 
17 + ln((o- ann v re ;)/10 _26 cm 3 s _1 ) + ln(m rfm /GeV) + In ^ m dm /T FO ■ We then 
expect the errors on the estimate of mdm /Tfo n °t to affect significantly our con- 
clusions. Also it is important to note that the relation between the cosmological 
parameter and the annihilation cross section depends linearly on md m /Tfo, see 
[28] for details. 

10 When rridm is very close but not equal to m^, annihilations into muons proceed 
through a velocity-dependent cross section. This actually has no effect on relic den- 
sity calculations if Dark Matter is coupled to muons as it is coupled to electrons, but 
this could, perhaps, be important for the estimate of gamma ray fluxes from Dark 
Matter particles slightly heavier than the muon since photons would be generated 
mostly through electron-positron pairs. 
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tity m also enters the expressions of the corresponding annihilation cross 
sections into ji~ or e + e~ pairs, it is possible to rewrite the cross section as 



i^rel — 



(4)7T \ 



1 - 



m 



fi,e 



m 



dm 



1 - 



rn 



m 



2 + U drn 
dm 



16 7T 2 Sa™^ m ^ 



m 



< 



0(1(T 29 ) cm^- 1 



(if 5a e < 10~ n and 5a^ < 1CT 9 ), which is much lower than the value 
CannVrei ~ O (1CT 26 — 1CT 27 cm 3 s -1 ) required for an acceptable relic abundance. 
It is worth noting however that cr ann v re i can reach 6 10~ 28 or 6 10~ 29 cm 3 s" 1 
(for non self-conjugate particles) with the maximum values of 5a e and 5a M and 
potentially up to 10~ 26 — 10 cm 3 s _1 if one sums over all the annihilation 
channels. 

Thus, excepted in marginal situations, light Dark Matter particles coupled to 
fermions F and with a mass m dm < O(GeV) can get the proper relic den- 
sity only if a™J is cancelled by another contribution. This may nevertheless 
happen if, in addition to the charged F, there also exists for instance charged 
scalars (H~) and neutral fermions (F°), cf. Appendix 9.4. In this case indeed, 
significantly larger values of the annihilation cross section would be allowed, 
but at the price of a fine tuning. In fact such a cancellation may also occur by 
introducing a new (pseudo) scalar particle. For instance, in the framework of 
theories originating from N = 2 extended supersymmetry or extra dimensions 
(cf. Section 8), the Dark Matter candidate is supplemented by another neutral 
spin-0 particle, which may also be relatively light. Both the Dark Matter and 
the other spin-0 particle would have non-chiral couplings to fermion/mirror 
fermion pairs but one would be a scalar while the other would be a pseu- 
doscalar. Each separate contribution to the muon or electron g — 2 is expected 
to be too large, but their sum would be, on the other hand, naturally small. 
Large values of the annihilation cross section would then be allowed, without 
being in conflict with g — 2 constraints. In all these cases, the particle spec- 
trum required to get an acceptable relic abundance should be within the reach 
of future LHC experiments. 



U boson 



Let us now estimate the efficiency of the Dark Matter annihilation process 
through the s-channel production of a gauge boson U. We assume that the 
direct Dark Matter coupling to the Z is null (or extremely small). As men- 
tioned previously, the coupling between the U boson and ordinary fermions 
(U — f — f) can be written as ^(fu^L + fu r Pn) an d the coupling between 
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the U and the Dark Matter particles as Cu- The corresponding annihilation 
cross section is then given by 

2 I, _ m* Cl [4mL (P Ul+ .f 2 Ur )-m} (fy-efujur+fa)] 
a ann v rd ~ v dm y 1 ^r- 127r (m ^„ 4 m 2 m)2 



(we assume mp > 2 m dm ). The interesting feature here is that the S-wave term 
is naturally suppressed (as noted in [24] for sneutrinos), due to the derivative 
nature of the couplings between the U boson and the Dark Matter particles. 

If the U boson is very heavy (more than a few hundred GeV's) and the Dark 
Matter mass lower than a few GeV's, then one expects the cross section given 
in eq. (3) to be too small to allow for an acceptable relic abundance. On the 
contrary, if the U boson turns out to be light (less than a few GeV's), one 
may obtain the appropriate value of the annihilation cross section provided 
the couplings Cu and fu { , fu r De sufficiently small. This is actually fortunate 
since the smallness of the coupling U — f — f is also needed to fulfill, in partic- 
ular, experimental limits from the muon and electron's anomalous magnetic 
moments (see Appendix 9.4). Basically, fu l and fu r associated with either 
U-n-p, orU-e-e should be smaller than about 3 KT 6 (^) (^%) 1/2 

(in fact 310- 4 (^f^ if m v < m„) or 7 1(T 5 (^) (Jgfrf' 2 (assuming 
fu t — fu r an d depending whether m\j is greater than m„ or not), in order to 
be compatible with both the muon and electron's g — 2. 

Taken at face value, the couplings fjj l (and fu r ) can give rise to an annihilation 
cross section (into a pair muon-antimuon or electron-positron depending on 
the Dark Matter mass) of the order of 10 -26 — 10 _27 cm 3 s _1 provided that 
the U boson happens to be more strongly coupled to the Dark Matter than 
to ordinary fermions. As an illustration, to obtain Qdmh 2 ~ 0.1 with, for 
instance, f Ut ~ f Ur ~ 4 10~ 4 (5a e ~ 3 1(T 12 ), m dm ~ 4 MeV and m v ~ 10 
MeV, Cu should be of the order of ~ (2.5 — 8) 10~ 3 . More generally, one 

obtains the correct relic density if C v f Vl ~ (3-12) 10" 8 (^) 2 

In fact, two expressions of Cu are displayed in Table 1, depending on 
whether dm dm — > e + e~ or dm dm — > fi + fi~ is the dominant channel. If 

Vrel) dm dm — > e+ e 

-, then the product (fu t Cu)n 
should be equal to (fu t Cu) e - Since Cu is related to Dark Matter only, one gets 
{fui)fj, — (fu t )e (which can be further translated into a relationship between 
5a e and <5a u ). 

In conclusion, scalar Dark Matter particles can be significantly lighter than 
a few GeV's (thus evading the generalisation of the Lee- Weinberg limit for 
weakly-interacting neutral fermions) if they are coupled to a new (light) gauge 
boson or to new heavy fermions F (through non chiral couplings and poten- 
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tially provided one introduces additional particles). Let us now determine if 
they can be compatible with the observed production of gamma rays. 



4-2 Compatibility with gamma rays 

In [12], it was shown that if light Dark Matter candidates (m dm < 0(100) MeV) 
have a roughly "constant" annihilation cross section of (cr ann v re i) ~ O(10 -26 — 
10~ 27 cm 3 s _1 ) (as needed to satisfy the relic density requirement), they would 
yield too much gamma rays as compared with present observations 11 . They 
would be allowed by COMPTEL, OSSE and EGRET data [29], on the other 
hand, if their cross section (times the relative velocity) at the moment of 
the residual annihilations was ~ 10~ 31 (10~ 29 or 1CT 28 ) cm 3 s _1 for m dm ~ 
1 (10 or 100) MeV respectively. This actually suggests that light Dark Matter 
particles with a constant cross section are ruled out while particles that would 
mainly annihilate through a velocity-dependent cross section would be allowed. 
Thereby, this requires that the Dark Matter velocity-independent cross section 
be at least ~ 10 5 (resp. 10 3 or 10 2 ) times smaller than the velocity-dependent 
cross section estimated at the freeze-out epoch (£fo)> for mdm ~ 1 ( 10 or 100) 
MeV (and (a ann v re i) ~ 10~ 26 cm 3 s _1 ). Let us now check if the cross sections 
displayed above have the proper characteristics. 



Residual annihilations through F exchanges 

We have seen previously that the coupling dm-f-F should be non chiral in 
order to get the correct relic density. However, in this case, the S-wave term 
in the cross section appears of the same order of magnitude than the velocity- 
dependent term. Therefore light scalar candidates (with m^ m ^ O(100) MeV) 
that would get the proper relic density, are likely to be excluded because they 
would yield a too large gamma ray production (unless one invokes an asym- 
metry between the Dark Matter particle and antiparticle number densities 
since, in this case, no significant residual annihilations are expected). Only 
searches for new particles in accelerator experiments would then constrain the 
properties of charged F's (and of the additional spectrum needed to cancel its 
associated g — 2 contributions). 



We assume here that there is no asymmetry between the Dark Matter particle and 
antiparticle number densities so that one can use residual annihilations in galaxy 
clusters or centres of galaxies as a constraint on the properties of light Dark Matter 
particles. 
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Residual annihilations through U production 



The gamma ray constraint appears much easier to satisfy with a U boson 
because the cross section is naturally "S-wave" suppressed (the constant term 
vanishes identically). The value of the annihilation cross section inside the 
galactic centre is expected to be suppressed by the square of the Dark Matter 
velocity. We therefore expect the cross section to be roughly 3 10~ 6 times 
what is needed at the freeze-out epoch, leading to a radiative flux <fi ~ 2 1CT 5 

(^w) 2 cm^s- 1 for m dm G 0(1 - 100) MeV (using a NFW profile [30]). 
This flux would be smaller with another Dark Matter halo profile. As a result, 
0(1 — 100) MeV particles could indeed have escaped previous gamma ray 
experiments, although masses mdm ~ O(MeV) seem (under the condition of 
a NFW profile) very close to experimental limits. 



To summarize, the production of gamma rays provides a much stronger con- 
straint on scalar particles with m^ m ^ 100 MeV and on the nature of their 
interactions, than relic density calculations. This study indeed indicates that i) 
annihilations through F exchanges are forbidden unless there exists an asym- 
metry between the Dark Matter and anti Dark Matter number densities and 
ii) a gamma ray signature from the galactic centre at low energy could be due 
to the existence of a light new gauge boson. The range beyond a few hundred 
MeV's, on the other hand, is less constrained by gamma ray fluxes (whether 
Dark Matter is coupled to a U boson or a F particle) but some constraints 
on the production of D + 3 H e [31] may also require a velocity-dependent cross 
section. 



Let us mention a point concerning the existence of the U boson that might 
be important especially since WMAP's result [32]. Because the annihilation 
cross section appears to be S-wave suppressed, the residual annihilations of 
light Dark Matter are expected to be important when the Dark Matter velocity 
and number density are the highest. We would therefore expect a "gamma ray" 
signature in the centres of galaxies or clusters of galaxies at low redshift but 
there might also exist a signature at larger redshift where the (mean) Dark 
Matter number density is supposed to be bigger (due to redshift effects). This 
signature, should it exist, could be a kind of early reionization, or perhaps 
an indirect source of reionization. Its importance would depend on the Dark 
Matter velocity and number density that is embedded in structures formed 
at a given redshift. Although we did not perform any calculations, it is worth 
mentioning this effect because it might allow to constrain the scenario of light 
Dark Matter particles coupled to a U boson. 
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5 Annihilation cross sections of spin \ candidates 



Although this is not the purpose of our paper, we now return for comparison 
to a more usual situation where Dark Matter is made of spin-| particles. 
Due to a Lee-Weinberg-type limit for "weakly-interacting" massive leptons, 
we expect fermionic candidates with a mass smaller than a few GeV's to be 
ruled out. If coupled to a scalar F, then the annihilation cross section of 
spin-1/2 Dark Matter particles is expected to be proportional to rrij / m F or 
m dm I m F ■ This is actually much too small to prevent them from overdosing 
the Universe (unless one considers the exchange of a relatively light neutral 
scalar F that would not be coupled to the Z boson). 

Calculations displayed in the literature have shown that for Dirac fermions 
both the S and P-wave cross sections are proportional 12 to m 2 dm / m F (as- 
suming that the exchanged particle, namely a scalar F, is much heavier than 
the Dark Matter and quoting only the most relevant terms) while for Majo- 
rana fermions, the S-wave term is proportional to m 2 / m F and the P-wave 
term to m dm / m F , unless the couplings are non-chiral (i.e C\ C r ^ 0) [33]. 
In this case, indeed, it is known that the S-wave annihilation cross section of 
Majorana particles is proportional to m 2 dm / m F instead 13 of rrij / m F . 

Since spin-1/2 Majorana Dark Matter particles have the following annihilation 
cross section (keeping only the dominant terms): 



1 

32 7T m F 4 \ 
+ 



1 



m. 



m 



dm 



4 «L 



m 



dm 



2Q C r m dm +(Cf + C 2 r )m f 
(2Cf + 9CfC 2 + 2C r 4 )) + ...}, 



one should keep the S-wave term in a situation where the couplings are non 
chiral. This is expected to be important for Dark Matter particles much heavier 



12 Keeping the dominant terms, the annihilation cross section of spin-1/2 Dirac 
fermions is given by: 



Vrel 



32 vr m F 4 \ 



1 - 



m. 



m 



dm 



cf + c r 



2 ^2 2 
m drn 



1 + 



7v. 



dm 



13 p or instance, in supersymmetry, non chiral couplings as the result of a mixing 
angle between the two stop fields t F and tf> , have to be taken into account in the 
estimate of the annihilation cross section of neutralinos into ti (through a stop 
exchange) . 
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than either the tau (or the bottom quark, but slightly lighter than the top, 
i.e. m Tj b <C indrn ~ m t), or heavier than the top (m dm > m t ). In these 
cases, indeed, the gamma ray flux - proportional to the Dark Matter residual 
annihilation cross section - is expected to be larger than previous estimates 
based on a cross section proportional to m 2 dm v 2 dm j m% or m 2 / m F . 

More generally, the S and P-wave terms that we find by assuming non chiral 
couplings appear, at the freeze-out epoch, somewhat larger than the P-wave 
term estimated in the presence of chiral couplings of similar magnitude. This 
suggests that the lower bound on the Dark Matter mass obtained in the case 
of non chiral couplings is somewhat smaller than the bound derived when 
the couplings are chiral. However, despite this characteristic, the lower limit 
on the Dark Matter mass is still expected to be of a few GeV's (assuming 
rriF > mw, which could perhaps be contested if the primordial annihilations 
mainly proceed into neutrinos through neutral F exchanges). Therefore, the 
mass range below a few GeV's is very likely to require scalar Dark Matter 
particles (rather than spin- 1/2 particles), assuming Dark Matter has indeed 
to annihilate to get the proper relic density. 



6 Collisional damping effect 

Dark Matter is generally thought to interact weakly enough to be considered as 
collisionless regarding structure formation [4]. However, a more detailed study 
shows that even Dark Matter particles with weak interactions yield damping 
effects in the linear matter power spectrum [34,35] at a given scale. The issue 
is then to determine whether this scale is of cosmo logical interest or not. 

The answer to that question is related to the quantity cr e i/(mdm/ GeV), de- 
noting the ratio of the Dark Matter elastic scattering cross section to its mass 
(measured in GeV). If this ratio is equal to a certain value a (that we shall pre- 
cise later), then the linear matter power spectrum P(k) differs from the "Cold 
Dark Matter" spectrum at all scales below a characteristic length (namely 
the damping scale) /, essentially determined by a. This means that there is a 
relationship between the damping scale I and a, bearing in mind that / has to 
be lower than the scale l s truct of the smallest primordial structures that have 
been observed. What are the values of a which induce cosmological effects in 
the linear matter power spectrum? Are those values possible in the case of 
light Dark Matter particles? This is what we shall now determine. 

Since the elastic scattering cross sections of light Dark Matter candidates 
cannot be treated independently of the annihilation cross sections, we shall 
consider only values of the coupling constants, mp or m\j that are compatible 
with relic density calculations. 
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6. 1 Constraints on Dark Matter interactions 

In the picture commonly adopted nowadays, Dark Matter would belong to 
either the Cold or Warm Dark Matter scenarios. The latter is however less 
popular because of the lack of candidates and, presumably, because it relies 
on a free parameter, the Dark Matter mass. A lower limit on mdm can be 
obtained from the comparison of the free-streaming length with the scale I struct- 
(Basically, m dm > 0.75 keV preserves all scales beyond l str uct > 0.16 Mpc [36], 
but the WMAP's results now suggest that the values m dm < 0.75 keV and 
even perhaps ^ lOkeV are ruled out [25,37], although this can be discussed 
too [38]). 

In a realistic description, where one takes into account the Dark Matter in- 
teractions, the parameter ra^m is associated with another parameter, namely 
the Dark Matter interaction rate. As a consequence, the free-streaming scale 
for the kind of particles we are interested in 

• depends on both m dm and a e \ (the Dark Matter elastic scattering cross 
section that fixes its thermal decoupling); 

• is supplemented by an additional damping length, namely the collisional 
damping scale, more directly related to Dark Matter interactions. 

This additional scale can be split into two parts, namely a self-damping and 
induced-damping contributions, which respectively describe the influence of 
Dark Matter properties, and that of other species, on primordial fluctuations. 

Because the induced damping actually corresponds to the damping acquired by 
a species % (e.g. electrons, photons, or neutrinos) which is further transmitted 
to the Dark Matter fluctuations if the coupling dm— % is strong enough, there 
exists a relationship between the elastic cross section o^m-i)-, the Dark Matter 
mass and the scale / at which the damping is expected to be of noticeable 
importance [34]. 

For the two species % — 7, v which are expected to communicate the largest 
damping effects (and therefore the most stringent constraint on the cross sec- 
tion) [34,35], this relationship can be displayed as: 

and 
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with x ~ 1, the damping scale being maximal when I = I struct — 100 kpc. 



The cross section (4) appears, at a first glance, very close to that obtained from 
the relic density condition, for particles with m dm ~ 10 MeV and I = 100 kpc 
(suggesting a surprising large damping effect) but one has to check that the 
elastic scattering cross section cr e i{dm-v) indeed behaves in the same way as 
the annihilation cross section a ann . 

The constraint on dm-z/ interactions comes from a new damping effect which 
can be seen as a mixing between the collisional damping and free-streaming 
effects [34]. It is such that any freely-propagating species % {% — v in our case) 
can communicate its free-streaming damping to the Dark Matter fluctuations 
provided that the species % happens to have interactions with Dark Matter 
which change the velocity of the Dark Matter fluid but not 14 that of the fluid 
i (say differently, such a coupling must not change the thermal decoupling of 
species i). The mixed damping is therefore at work only if the DM-neutrino 
interactions can decouple at a temperature below ~ 1 MeV. 

Equations (4) and (5) are given at specific times, namely the thermal decou- 
pling of Dark Matter from neutrinos and photons (say td ec (dm-v) and tdec(dm--y) 
respectively). If cr e i(dm-v) an d cr e i{dm-~ i ), estimated in a given particle physics 
model, appear to be temperature dependent {i.e. <7 e i(dm-i) oc T n ), then a 
more relevant constraint turns out to be given by the parameter b e i, defined 

by @el(drn—i) C b e l(dm—i) 

T dec(dm-i) » where n is fixed by the model. 

From now on, we shall focus on the neutrino induced-damping effect. We disre- 
gard the Dark Matter-photon elastic scattering cross section (based on box and 
triangle diagrams) in order to simplify our calculations. This one is expected 
to vanish with the photon energy E 1 , for E 1 lower than the Dark Matter 
mass, due to gauge invariance and low energy theorems. We shall see that, 
within reasonable assumptions, the elastic scattering cross section of scalar 
Dark Matter particles with neutrinos at the Dark Matter thermal decoupling 
also appears to vanish with the neutrino energy (in fact it is proportional to 
the square of the neutrino energy, <J e i(dm-v) T 2 , assuming Dark Matter is 
still in equilibrium with this species). The estimate of the neutrino induced 
damping effect is then expected to provide a damping scale either comparable 
or potentially larger than the photon constraint (although one should do in 
principle the comparison). 



Such a mechanism is irrelevant when dealing with the Silk damping effect because 
the baryons and photons thermally decouple {i.e. become collisionless) at the same 
time due to recombination. 



We then obtain 



neutrinos and a 
photons. 



a ~ 3 10~ 35 cm 2 
~ 6 10~ 34 cm 2 




when Dark Matter is coupled to 
when Dark Matter is coupled to 
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To estimate the neutrino induced-damping scale, we need first to express 
bei(dm-u) explicitly. By using eq. (4) and the relationships between i) the cross 
section and the comoving interaction rate: 

J- dec(dm-i) — &el(dm—i) C Tldm — O ~ e l(dm—i) C j f^dm J- 

Pdra TTldm 

(with hi = Hi a 3 ), ii) the comoving interaction rate and the scale factor in 
the radiation dominated era, 

"p r^j o i n — 20 —1 

J- dec(dm—i) ~ ^ lu u>dec(dm—i) ° j 

and finally iii) the scale factor and the temperature: 

To 

®dec(dm—i) — rp j 
J- dec(dm—i) 

one gets the relation: 

6 d ~ 2.5 1U ^ J cm s , 

which turns into the following constraint: 



We now have to compute b e i^m-i) i n the case of light scalar Dark Matter 
candidates to determine whether they can induce changes in the linear matter 
power spectrum on visible scales. 



6.2 Elastic scattering cross section of scalar Dark Matter with neutrinos 



Once again, we shall assume that Dark Matter is not coupled to a fermion 
F and a U boson simultaneously. The elastic scattering cross section of non 
self-conjugate Dark Matter (dm^dm*) with a (left handed) neutrino turns out 
to be given by: 

C 4 

c e j(dm-i/) ~ o T T (^) 

8 7r rrvp 



(within the local limit approximation for which m^ m <C vrtp and assuming 
that the energy of the scattered neutrino is the same as that of the incoming 
one). In constrast, due to the relative sign between the t and w-channel (see 
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Appendix 9.3), the cross section cr e j( dm _„) of self-conjugate scalar Dark Matter 
particles vanishes identically. Consequently, self-conjugate scalar candidates 
do not suffer from neutrino-induced damping effects at all. 

A rough estimate indicates that b el ~ 5 10~ 55 Cf ( m F /100 GeV)~ 4 cm 5 s _1 
for dm ^ dm*. If m F ~ 100 GeV, Q « 1 and 1 < m dm < 100 MeV, 
all the scales smaller than < 10 — O.3M are damped respectively. Such a 
damping scale is actually too small to be constrained by present observations 
or tested by arguments on the reionization epoch [32,38,37] so it might be 
very difficult to exclude such particles from their linear and non-linear matter 
power spectra. This collisional damping scale would be in fact even smaller 
if Ci <C 1 or m F 3> 100 GeV. (One could consider, however, smaller values 
of mp provided one checks that they indeed evade limits notably on neutral 
super symmetric particles.) 

For comparison, the free-streaming scale (or, almost equivalently in this case, 
the self-damping scale), for particles which are likely to annihilate, behaves like 

l fs £ 190 kpc (f^y 1 ' 2 ( y ) V2 (if they thermally decouple in the radi- 
ation dominated era i.e. if a dec ( drn ) < 10~ 4 ). This expression is different from 
the well-known free-streaming formula because we are dealing with particles 
which have non-negligible interactions, i.e. for which the thermal decoupling 
epoch occurs after the non relativistic transition. 

Before using this formula, one can check that light particles (with m dm ^ 
O(MeV)) indeed thermally decouple after their non relativistic transition 
(so that they can potentially annihilate). The elastic cross section of non 
self-conjugate scalar particles with electrons (here seen to be the most 
relevant for determining the thermal decoupling epoch) is proportional to 
( Cf C? m 2 e ) I ( m\ m mp ) . The decoupling is given by a dec{dm _ e) = 5 10 19 
o-ei(dm-e) ch dm p e / Pdm which is equivalent to a dec ( dm _ e) ~ 5 10 19 (J e i( dm -e) ch e 

f° r Tdec{dm-e) > m dm and to a dec (dm,-e) ~ 5 10 19 CT e l( dm -e) c T^dec^dm-e) I m dm 

for Tdec^m-e) < m dm (here n e is the comoving electron number density which 
drops down once the electrons become non relativistic). With the above cross 
section, we find a decoupling temperature T nr < MeV. However, because elec- 
trons annihilate around 500 keV, the thermal decoupling of Dark Matter even- 
tually occurs at a temperature close to m e . Therefore, Dark Matter particles 
with m dm > 0( MeV) should be able to annihilate so that their free-streaming 
scale should be indeed lower than 190 pc (corresponding to ~ 1OM ). 

Thus, if light scalar Dark Matter particles are coupled to neutrinos through 
neutral fermions, both the free-streaming scale (or, similarly in fact, the self- 
damping scale) and the neutrino-induced damping scale are negligible com- 
pared with the scale of primordial structures. 
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These conclusions would have to be softened if there were a close degeneracy 
between m dm and mp {i.e. if mp — m 2 dm < 2 m dm E v ) since, in this case, 
the elastic scattering cross section becomes roughly constant 15 and one has 
to use the constraint given by eq.(4) instead of eq.(6). This appears more 
promising for large values of the Dark Matter mass (m dm > 0(100) GeV) 
because the case ~ m dm cannot be excluded as yet, but this is, on the 
other hand, extremely unnatural because of the mass degeneracy it requires. 
Assuming, however, such a degeneracy (and C\ = 1, m dm ~ 100 GeV), one 
finds a damping mass greater than 1 M but the required mass difference 
mp — m dm is about a few hundred keV's! Without such a degeneracy, the 
linear P(k) associated with Dark Matter particles of m dm ~ 100 GeV is 
expected to be damped much below 1 M (with C\ — 1 and taking mp ~ 100 
GeV), as the corresponding interactions decouple before T ~ 1 MeV. 

Let us now consider the elastic scattering cross section of scalar Dark Matter 
particles with neutrinos through the exchange of a U boson. We find 

^cT- e l {dm _ v) - l^Clfl (w)~ 4cm5 s^- 
Using Cufu, ~ (3 - 12) 10~ 8 (mdm/MeV)- 1 (m^/MeV) 2 , as imposed by 
relic density (and g — 2) constraints, we merely see that b e i(d m -v) is about 
bei(dm-v) ~ (1 — 15) 10 -48 (m rfm /MeV)™ 2 cm 5 s _1 . Thus, the neutrino- 
induced damping in the case of a light gauge boson (and scalar Dark Matter) 
mainly depends on the Dark Matter mass. By comparing (6) with the above 
expression of b e i^m-u), one finds that the damping scale associated with par- 
ticles having a m drn ~ 4 MeV for instance is about 3 1O 4 M , if we assume 
that the coupling of the U boson to neutrinos is the same as to electrons. 
(More precise values are derived in [39].) It may be reasonable, however, to 
consider that the U boson does not couple to electrons and neutrinos with 
the same strength, especially in view of avoiding a too large contribution to 
the ve elastic scattering cross section at low energy (which requires typically 
\fuv fue/n^ul ~ Gf), while keeping a sufficiently large value for the anni- 
hilation cross section of Dark Matter particles. In particular, decreasing the 
coupling of the U boson to neutrinos would then tend (depending on the U 
coupling to Dark Matter C\j ) to make the damping mass even smaller than 
the above estimate. This damping scale gets, also, obviously smaller for larger 
Dark Matter masses. 

To conclude this section, let us mention that the calculation of the elastic 
scattering cross section of light Dark Matter particles with neutrinos appears 
important when Dark Matter is coupled to a U boson because the damping in 

15 The denominator, proportional to m F , is indeed replaced by m dm 2 T 2 which 
suppresses the dependence in T 2 in the numerator. 
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the linear power spectrum is large enough to be quoted here. However, even 
for rridrn < m^, it is still too small to modify the non linear matter power 
spectrum at cosmological scales. In fact, we expect that the smallest scales 
which are erased in the linear P(k) be regenerated once entered in the non 
linear regime; so the non linear matter power spectrum at z = and 1O 4 M 
might eventually appear similar to that in Cold Dark Matter scenarios [36,38], 
despite the unusual Dark Matter characteristics we are considering. In which 
case, it should be difficult to identify the nature of Dark Matter particles from 
the non linear and linear matter power and CMB spectra only. 

6.3 Damping scales of spin 1/2 candidates 

In the previous subsection, we found that the neutrino-induced damping scale 
of a scalar Dark Matter coupled to a fermion F was null when Dark Matter 
is self-conjugate. We now estimate this collisional damping scale in the case 
of spin-1/2 Dark Matter candidates. Both the elastic scattering cross section 

of Majorana and Dirac spin-1/2 fermions are found to be proportional (in the 

c 4 

local limit) to £7 e «(dm-i/) oc 16 J mi T . As expected, these cross sections are 

temperature (or neutrino energy) dependent (o" e z( dm _;,) c ~ b e i{dm-u) T 2 ) so 
that the associated damping scale is given in terms of the parameter b e i (see 
eq. (6)). However, unlike scalars, the cross section for self-conjugate (i.e. here 
Majorana) particles does not vanish. 

Because these cross sections are actually very close to that obtained with 
scalar Dark Matter, the collisional damping effect in the linear matter power 
spectrum should be of the same order of magnitude than what is found for 
scalar candidates (say M < 10 — O.3M ) for mp ^ 100 GeV (and 6 [1 — 
100] MeV respectively). Also, for heavy Dark Matter particles (i.e. rridm. ~ 100 
GeV), one expects the damping scale to be negligible M <C 1 M unless there 
is an extremely close degeneracy, i.e. a few keV, between mj? and m,d m , in 
which case one gets a larger damping scale as a result of the enhancement of 
the neutrino-Dark Matter elastic scattering cross section. (If such a degeneracy 
exists, a more detailed study is required in order to take into account the co- 
annihilations between F and the Dark Matter particles.) 



7 Case of an asymmetry 

To satisfy the relic density requirement, we searched for the conditions which 
give rise to a Dark Matter annihilation cross section of the order of a ann v re i ~ 
10~ 26 — 10~ 27 (il dm h 2 /0.1) cm 3 s _1 in the unusual range m dm below a few 
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GeV's. However, if there exists an asymmetry between the Dark Matter par- 
ticle and antiparticle number densities (which may be necessary for m^ m ^ 
100 MeV, in the case of F exchanges), the annihilation cross section can be in 
fact much larger than the value displayed previously (depending on the size 
of the asymmetry). 

The question is then to determine whether larger values of the cross section 
are indeed possible within reasonable particle physics assumptions. We have 
seen that if Dark Matter was coupled to a new gauge boson, the mass m\j 
and the couplings Cjj and fu l , fu r should be small enough (for small values of 
rridrn ) in order to get the proper value of the annihilation cross section. Larger 
values of u ann v re i can be obtained by increasing the coupling Cu or decreasing 
mjj but this requires an appropriate choice of parameters. On the other hand, 
scalar Dark Matter particles can naturally have a quite large annihilation 
cross section if they have non chiral couplings to a heavy fermion F but its 
associated g — 2 contribution should be cancelled by introducing a new set of 
particles. Once this "way out" accepted, one can indeed consider larger values 
of the couplings and justify an asymmetry between rid m and rid m *, that will 
allow to evade the gamma ray constraint (which is crucial for m^ m ^ 100 
MeV). 

For spin-1/2 Dirac fermions, on the other hand, it is rather difficult to consider 
such an asymmetry (unless rrid m be larger than a few GeV) because that would 
require values of the Yukawa couplings C\ and C r which could potentially 
make the theory non perturbative. 

In any case, increasing the couplings allows for larger Dark Matter elastic 
scattering cross sections with neutrinos and therefore larger neutrino-induced 
damping effects. However, if a spin-0 Dark Matter particle is coupled a fermion 
F, the maximum damping effect should be definitely lower than a few ten 
M 's. If, on the other hand, Dark Matter is coupled to a U boson, with Cu 
larger than the values displayed in Appendix, then the corresponding damping 
scale could be in principle significantly larger than what is found without any 
asymmetry, but a more detailled study is required as other damping effects 
may then be at work. Imposing the condition I ^ 100 kpc could then perhaps 
constrain the maximum values of Cu that is possible to consider. 



8 A possible candidate 

We have determined the conditions that allow for light scalar Dark Matter 
candidates to satisfy both the relic density and gamma ray constraints. They 
can be coupled to a heavy fermion (in which case an asymmetry between the 
particle and antiparticle number densities is required for ^ 100 MeV), 

or to a new gauge boson (associated with, at least, an extra U(l) symmetry). 
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8.1 A new spin-0 gauge boson as a possible Dark Matter candidate 

Now, we would like to point out that naturally stable spin-0 Dark Matter 
candidates coupled to fermions may be already be present within an existing 
class of theories or models which display, at least partly, an underlying N = 2 
extended supersymmetry [41]. Or also, in higher-dimensional theories, whether 
supersymmetry is present or not [42]. In both cases spin-1 gauge bosons are 
supplemented with new scalars which indeed appear as spin-0 "gauge" parti- 
cles, so that we now expect, in these frameworks, the existence of new spin-0 
gluon octets, or spin-0 photons, for example. The lightest of these spin-0 par- 
ticles, if neutral and uncolored, may well be a viable Dark Matter candidate, 
along the lines discussed in the previous sections. 

In such theories quarks and leptons are usually supplemented with new mirror 
partners. Indeed, in N = 2 theories, quark and lepton fields belong to matter 
hypermultiplets (the latter describing 4-component Dirac fermion fields, i.e. 
left-handed as well as right-handed fields, both with the same gauge symme- 
try properties). Left-handed electroweak doublets and right-handed singlets 
associated with the usual quarks and leptons should then be accompanied by 
right-handed doublets and left-handed singlets. The latter would describe mir- 
ror partners (F) of the ordinary quarks and leptons (/) . Such mirror partners 
also tend to be naturally present in higher-dimensional theories - whether or 
not they are supersymmetric - since 4d Dirac fermion fields with, initially, 
vectorial couplings to the gauge fields naturally appear as a result of the di- 
mensional reduction. 

Since none of these mirror particles has been observed yet, neither at LEP nor 
at TEVATRON, it is often believed that they simply don't exist at all, or at 
least disappear from the "low-energy" spectrum as the result of an appropriate 
supersymmetry-breaking (or dimensional-reduction) mechanism. We shall ex- 
plore here the possibility according to which these mirror particles could indeed 
exist at not-too-high energies, say of the order of a few hundred GeV/c 2 's, 
to fix the ideas. In a more specific way mirror neutrinos (with their right- 
handed component fields belonging to electroweak doublets) are coupled to 
Z bosons and should certainly be heavier than about 40 GeV/c 2 , otherwise 
they should have been produced in Z decays at LEP. Mass splittings within 
SU(2) doublets of mirror particles also should not be too large, otherwise they 
could generate a too large contribution to the p parameter of the electroweak 
theory. 

Just as one expects, in ordinary supersymmetric theories, the existence of a 
"lightest supersymmetric particle" which may naturally be stable thanks to im- 
parity, one may also expect here the stability of some "lightest mirror particle" , 
in relation with a Z 2 discrete symmetry M p under which mirror fermions (and 
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sfermions, within super symmetric theories) would be odd. This symmetry may 
be referred to as "mirror-parity", provided one carefully remembers that it 
does not exchange ordinary with mirror particles, but simply changes the 
signs of the fields describing the latter. New spin-0 gauge particles, which in 
these extended SUSY or higher- dimensional theories couple ordinary to mirror 
fermions, would then also be odd under this discrete M p symmetry operator. 
The "lightest M-odd particle" (or LMP) is then expected to be absolutely 
stable, if indeed M-parity is conserved, and a potential Dark Matter candidate. 

This LMP could be a mirror neutrino (in which case it should be heavy) or 
one of the new neutral spin-0 gauge bosons, which may well be light, the case 
of interest to us here. We would then expect mirror particles to have decay 
modes such as: 

^Mirror — * I + new sphi-0 gauge particle , 

(8) 

QWror Q + new spin-0 gauge particle . 



The lightest of the new "gauge scalars" could then be absolutely stable, if 
lighter than all mirror fermions. It could be a spin-0 photon 16 or, maybe more 
plausibly, one of the spin-0 partners of the weak hypercharge U(l) gauge field 
B^. (Note that these neutral gauge scalars, which have electroweak quantum 
numbers T 3 = Y = 0, are not coupled to the Z boson so that they cannot be 
directly produced in Z decays at LEP.) 

The pair production of unstable mirror particles would then ultimately lead to 
missing energy-momentum (precisely carried away by two unobserved spin-0 
photons or more generally neutral spin-0 gauge particles), just as in super- 
symmetry, a signature of the pair production of SUSY particles is missing 
energy-momentum carried away by two unobserved photinos or neutralinos, 
the "lightest SUSY particle" being stable. 

It is also possible (at least in principle) to consider a continuous M-symmetry 
instead of a M-parity (related to M p by M p = (— 1) M ). The corresponding 
lightest stable particle would then carry plus (or minus) one unit of an additive 
conserved quantum number M, and would be described by a complex field 
^=£. This particle would then differ from its antiparticle, both being stable 
but carrying opposite values (±1) of the conserved additive quantum number 
M. This situation may be particularly interesting in the presence of an initial 

16 Although a mirror neutrino is not directly coupled to a spin-0 photon, it could 
still decay into u + spin-0 photon through radiative effects, or have other decay 
modes like f M irror — ► v e + e~ + spin-0 photon. The lightest spin-0 mass eigenstate 
may also turn out to be a spin-0 partner of the weak hypercharge gauge field B 11 , 
in which case it directly couples mirror neutrinos to ordinary ones. 
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asymmetry between the corresponding numbers of particles and antiparticles, 
whether this asymmetry has been present from the beginning, or induced by 
M-violating interactions at some point in the evolution of the Universe. The 
relic abundance of the lightest, stable, M — +1 particle may then be deter- 
mined essentially by the size of the particle/antiparticle asymmetry (provided 
one can achieve a sufficiently large value of the annihilation cross-section), as 
it is believed to happen for the relic abundance of baryons in the Universe. 
This is especially relevant for light Dark Matter candidates, which could both 
acquire the correct relic density while at the same time - in the presence 
of such an aymmetry - avoiding the gamma ray constraint which applies to 
candidates lighter than about 100 MeV, as discussed in Section 7. This would 
require, however, the above M-symmetry to survive unbroken down to low 
energies, a requirement which tends to be in conflict with the necessity of 
generating masses for both ordinary fermions / and mirror fermions 17 F. 

Finally, we also note that the chiral (or non chiral) character of the couplings 
of such new spin-0 Dark Matter particles to fermion/mirror-fermion pairs is 
generally related with the complex (or real) character of the corresponding 
fields; but that mixing effects associated with mechanisms of mass generation 
and symmetry breaking may also generate non chiral couplings from couplings 
which were, initially, of a chiral nature. This is essential in the phenomological 
analysis, as we saw earlier. We should of course be attentive to the fact that the 
requirement of non chiral couplings (in view of sufficiently large annihilation 
cross sections allowing for a suitable value of the relic abundance) has to 
be reconciled with the constraints from the anomalous magnetic moments of 
charged leptons (as discussed in Appendix 9.4). 

8.2 Extended super symmetry 

Furthermore, in an extended SUSY framework (possibly although not nec- 
essarily associated with a higher-dimensional supersymmetric theory) we are 
led, through the consideration of two Z 2 discrete symmetries, to a natural 
framework for two neutral stable particles, e.g. a rather familiar neutralino 
LSP plus a spin-0 photon (or companion of the weak hypercharge gauge field 
B^ 1 ) LMP. Depending on the values of their masses and interaction rates, they 
may turn out to be acceptable dark matter candidates, under the conditions 
discussed earlier. 

Let us recall first some important features of N = 2 extended supersymmetric 
theories [41]. When these are formulated with an N — l superfield formalism, 

17 This concerns only a continous M-symmetry, not the discrete symmetry of im- 
parity, which in any case governs the stability of the Dark Matter candidate con- 
sidered here, whether or not they are their own antiparticles. 
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ordinary gauge superfields are accompanied by additional (N = 1) "chiral 
gauge superfields", so as to describe, jointly, N = 2 massless gauge multiplets. 
At the same time matter (and also Higgs) chiral superfields systematically 
occur in pairs, so as to describe N = 2 "hypermultiplets" . N = 2 gauge 
multiplets describe in particular two gluino octets, two photinos, ... as well as 
two color-octets of spin-0 gluons, two spin-0 photons, etc.: 



photon 


2 spin-i photinos 


2 spin-0 photons 


gluons 


2 spin-^ gluino octets 


2 spin-0 gluon octets 



These particles all remain massless, as long as the N = 2 supersymmetry is 
kept unbroken. These new "scalar gauge fields" may also appear as originat- 
ing from the fifth and sixth components of higher-dimensional gauge fields 
V^, in a six- dimensional spacetime [42]. Each pair of gaugino fields in 4 di- 
mensions then originates from a single 8-component chiral gaugino field, in a 
6-dimensional spacetime. 

As we have seen extended supersymmetric theories, however, have the unpleas- 
ant feature of naturally leading to vectorlike and even vectorial theories, ne- 
cessitating the introduction of chirality-breaking mechanisms for matter fields, 
and of mechanisms responsible for quark and lepton masses. This led us to 
consider mirror lepton and quark fields. Even if we are led, at a certain point, 
to abandon the full N = 2 supersymmetry in favor of a simple N = 1 subal- 
gebra (or even of no supersymmetry at all), it is still conceivable that some 
sectors (e.g. gauge and Higgs bosons, together with their superpartners) could 
display visible signs of the underlying extended supersymmetry. Whether this 
is indeed the case or not, however, does not affect significantly our present 
analysis of possible Dark Matter candidates. 

The SU(3) x SU{2) x (7(1) gauge group may be spontaneously broken into 
the SU(3) x U(l) subgroup of QCD x QED, with the help of - at least - 
two electroweak Higgs doublet fields, which are described in the N = 1 super- 
field formalism by the familiar Hi and H2 chiral superfields, as usual in the 
(M)SSM. It is however more elegant to use a quartet of spin-0 Higgs dou- 
blets. After the electroweak symmetry breaking the W ± and Z massive gauge 
bosons then belong to complete charged and neutral massive gauge multiplets 
of the extended N = 2 supersymmetry. These multiplets also describe 4 Dirac 
winos (or 4 Majorana zinos) appearing as gaugino-higgsino mixtures, as well 
as 5 charged (or 5 neutral) spin-0 Higgs bosons (i.e. altogether 32 degrees of 
freedom for the massive gauge multiplet of the W ± , and 16 for the Z boson) 
[41]. All these particles have the same mass m Wl or m z = m w / cos 9, as long 
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as the N = 2 supersymmetry is kept unbroken. In the harmonic superspace 
formalism appropriate to the description of iV = 2 extended supersymmetry, 
all four doublet Higgs fields may be described by a single N = 2 electroweak 
doublet Higgs superfield 



(9) 



Its charged component as well as the imaginary part of its neutral component 
get eliminated, or "eaten away" , while the N = 2 gauge superfields describing 
the W ± and Z acquire masses [43]. The remaining uneaten real part of 
u° describes 4 neutral spin-0 Higgs bosons accompanied by two Majorana 
higgsinos. 

Whether the extra spin-0 components of gauge fields should actually show 
up or not in the low-energy theory depends on the details of the mechanism 
that should be responsible for the breaking of the extended supersymmetry 
(and/or the compactification of the extra space dimensions). The breaking 
of the supersymmetry may be elegantly obtained by demanding periodic and 
antiperiodic boundary conditions for ordinary i?-even particles and their it- 
odd superpartners, respectively - in which case the masses of the (lowest- 
lying) gravitinos, gluinos and photinos, which fix the energy scale at which 
super symmetric particles should start to show up, would be given, in the 
simplest case and up to radiative correction effects, by 

n h h 

m 3/2 = m V 2 = — = —— (10) 



in terms of the size L of the extra dimension responsible for supersymmetry 
breaking (or of the corresponding "radius" R). This led us to consider the 
possibility of relatively "large" extra dimensions, associated with a compact- 
ification scale that could then be as "low" as ~ TeV scale [44]. In such a 
framework, widely discussed now, it is quite conceivable that the new spin-0 
states, as well as mirror lepton and quark fields, may only manifest themselves 
at the compactification scale. On the other hand, it is also legitimate to dis- 
cuss their physical effects, should they actually be present in the low-energy 
theory, much below the compactification scale. 



8.3 Two discrete symmetries 



The new M-odd spin-0 states are expected to couple ordinary matter (lepton 
and quark) fields to mirror lepton and quark fields, as discussed earlier. We 
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do not discuss here the mechanism by which ordinary as well as mirror lepton 
and quark fields should acquire their masses, which may lead us to abandon, at 
some point, the full N = 2 supersymmetry. Just as a N = 1 supersymmetric 
theory may admit a discrete -R-parity symmetry - which is a discrete Z 2 
remnant of a continuous .R-symmetry, with R p = (— 1) R - an extended N = 2 
theory in general admits an extended SU(2) or SU(2) x U(l) global R- 
symmetry group, acting on the doublet of supersymmetry generators, 



(q\\ 

\Ql) 



(ii) 



One can then initially define two distinct i?-parity symmetry operators, R\ p 
and R 2p , associated with the first and second supersymmetry generators, re- 
spectively, the usual -R-parity symmetry then corresponding to the product 

R p = Ri p R 2p ■ (12) 



The i?i and R 2 parities within the N = 2 massless gauge multiplets and mat- 
ter multiplets are given as |i2 lp R 2p > in the Table below, together with the 
corresponding values of -R-parity. By singling out one of the two supersym- 
metry generators (say Qi), we may also redefine one of the two Ri P discrete 
symmetries (say R 2p ) as the previously discussed mirror-parity symmetry M p , 
a point to which we shall return soon. 



gauge bosons: 

I + + > 
R p = +1, M p = +1 


2 spin-i gauginos: 
' |- + > 

< 

k | + -> 
R p = -1, M p = ±1 


2 spin-0 

gauge scalars: 

1 > 

R p = +1, Mp = -1 


lcptons, quarks: 
I, q : | + + > 

Rp = +1, Mp = +1 


slcptons, squarks: 
l q ■ |- + > 

< 

"smirrors " 

^ Im , qm ■ | H — > 
Rp = -1, Mp = ±1 


mirror 
leptons and quarks: 

'm , ?M : I > 

R p = +1, M p = -1 
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Among the four electroweak Higgs doublets which tend to be naturally present 
in such theories, which all have i?-parity equal to +1 (with \R± P R 2p > = 
| + + >, | + + >, |--> and | — >), two, which acquire non-vahishing v.e.v.'s, 
may be defined so as to have M-parity (identified as R 2p ) equal to +1, while 
the two others (which keep vanishing v.e.v.'s) have M-parity equal to —1; the 
spontaneous breaking of the electroweak symmetry keeping intact the discrete 
mirror-parity symmetry, as well as the usual i?-parity. 

8.4 Two stable Dark Matter candidates, from extended super symmetry 

Once we have chosen to restrict the full N = 2 supersymmetry of the initial 
theory to a simple and familiar N — 1 supersymmetry, the R 2p discrete 
Z 2 symmetry may also be identified to the "mirror-parity" operator that we 
denoted previously as M p . It commutes with the first SUSY generator {Qi) 
and is equal to +1 for the ordinary particles of the supersymmetric standard 
model, including those described by the two doublet Higgs superfields Hi and 
H 2 . M-parity, on the other hand, is equal to —1 for the mirror particles, their 
superpartners, and for the spin-0 gauge particles which couple ordinary leptons 
and quarks to their mirror partners, together with the new inos (second octet 
of gluinos, additional charginos, neutralinos, and Higgs bosons) necessitated 
by the original extended supersymmetry. 

The first two Higgs doublets, with M p = +1, correspond to the spin-0 compo- 
nents of the familiar Hi and H 2 superfields of the (M)SSM, responsible for lep- 
ton and quark masses. The same Higgs doublets described by Hi and H 2 could 
also be responsible for very heavy mirror lepton and quark masses (should such 
particles effectively be present in the low-energy theory), if one assumes large 
Yukawa couplings to mirror particles, without generating a breaking of the dis- 
crete M-parity symmetry. In this framework mirror quark and lepton masses 
- which occur in violation of the SU (2) xU(l) electroweak gauge symmetry - 
are expected to be smaller than a few hundred GeV/c 2 's (unless one is ready 
to tolerate very large values of Yukawa coupling constants, leading to mirror 
particles significantly heavier than the W ± and Z's). Given the limited suc- 
cess, within ordinary supersymmetry, to find attractive and predictive models 
of supersymmetry-breaking, we should leave open the range of possibilities for 
the masses of the new particles. This allows us, in particular, to pay special 
phenomenological attention to the possibility of a new light stable spin-0 Dark 
Matter particle, as we have done here. 



Conclusion 

In this paper, we discussed the possibility that scalar particles as light as a few 
MeV (and no diagonal coupling to the Z boson) could be a viable explanation 
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to the Dark Matter issue. In particular, we determined the conditions for the 
mass range [O(MeV) — O(GeV)] to simultaneously satisfy particle physics, 
relic density and gamma ray constraints. We found that: 

• Scalar Dark Matter particles coupled to heavy fermions F (irtp > 100 GeV) 
can have an annihilation cross section into ordinary fermions large enough to 
give rise to the observed value of fldmh 2 but this requires the coupling dm-/- 
F to be non chiral. However, when this condition is satisfied, the production 
of gamma rays associated with light particles (m dm ^ 100 MeV), in the 
energy range below one hundred MeV's, is found to be much larger than 
what is observed. Thus, in order to maintain light particles as a viable 
solution to the Dark Matter problem, there should exist an asymmetry 
between their particle and antiparticle number densities. On top of that, 
one may also have to introduce additional particles (e.g. charged scalars 
and neutral fermions or a pseudoscalar particle), to cancel the too large 
contribution a™ e F that is required to get the desired value of the annihilation 
cross section. The new particles we introduce are expected to be within the 
reach of future LHC experiments, so it should be possible to test and maybe 
to exclude the possibility of light scalar Dark Matter particles in a close 
future. 

The range rridm > 0(100 MeV), on the other hand, does not require any 
asymmetry assumption and appears much easier to test and presumably 
to rule out, notably through gamma ray predictions (if this asymmetry 
does not exist indeed) or from various experiments, like direct Dark Matter 
searches (for m dm > GeV). 

• Scalar Dark Matter particles coupled to a new gauge boson U have an anni- 
hilation cross section naturally proportional to v\ m at the freeze-out epoch. 
Therefore, the gamma ray constraint appears much easier to achieve for 
candidates with m dm ^ 100 MeV. Since, on the other hand, their annihila- 
tion cross section turns out to depend significantly on the Dark Matter mass 
(as in the case of fermionic Dark Matter), one can get an acceptable relic 
density provided the U boson is light enough and the couplings sufficiently 
small (when Dark Matter is light). Basically, to satisfy both the relic den- 
sity requirement and the gamma ray constraints, one can take, for instance, 
m drn ~ 4 MeV, m v ~ 10 MeV, C v ~ 4 10" 3 and f Vl ~ 4 10~ 4 . These 
values, directly compatible with the electron and muon g — 2 constraints, 
correspond to a U boson lifetime of the order of X 10" 15 s. 

If coupled to a U boson, these light Dark Matter particles ( m dm ^ 100 
MeV) should yield a gamma ray flux lower than 10 -5 ( MeV ) cmT 2 s _1 , 
which seems close (for m dm = 1 MeV) but still out of the reach of present 
gamma ray experiments for m dm > O(MeV). However, a gammay ray 
signature from the galactic centre at low energy could be due to the anni- 
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hilation of such light Dark Matter particles. And residual annihilations in 
structures at "large redshift" could perhaps yield reionizing photons that 
might influence structure formation. Thus light Dark Matter particles cou- 
pled to a U boson might be possible and quite interesting regarding their 
implications on structure formation. 

In conclusion, we found two different scenarios in which Dark Matter could 
be made of light scalar particles. The first one relies on the existence of heavy 
(charged) fermionic particles F {e.g. mirror fermions) and presumably other 
particles to cancel g — 2 contributions, and the second one, on the existence of a 
light gauge boson. There might exist other scenarios that allow for light scalar 
candidates (e.g. with a dominant coupling to quarks or couplings with a light 
neutrino of a new kind) but we did not explore them. To end, we mentioned 
a possible framework, originating from extended supersymmetry and/or extra 
spacetime dimensions, in which scalar particles would appear as natural Dark 
Matter candidates. 
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9 Appendix 



We now give the expressions of the squared matrix elements associated with 
the cross sections that enter the estimate of the relic density and damping 
scales of Dark Matter candidates. We disregard the annihilations into two 
photons, expected to be negligible compared with annihilations into a pair 
fermion-antifermion. We also disregard the annihilations into W + W~ or ZZ 
only relevant for m dm > m w ,mz respectively. 

We shall consider only tree-level processes where either a F or U boson is 
exchanged, disregarding possible interference terms which are not expected to 
modify our conclusions. 
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9.1 Annihilation cross sections associated with the exchange of a F 



All expressions regarding Dark Matter annihilations are given in terms of the 
inverse of the squares of the t-channel and w-channel denominators, developed 
as: 

(t-m 2 F )' 2 = T + Ti p dm cos 9+ p 2 dm (T 20 + T 21 cos 9 2 ) , 
{u-m 2 F y 2 = T - T lPdrn cos 9 + p 2 dm (T 20 + T 21 cos 9 2 ) , 

and 

((t-m 2 F ) (u-ml))- 1 = T + (T 20 + T 21 cos ^ 2 /3) , 

with 



T = 

Ti = 

T 2 o = 

T 21 = 



1 


{-m 2 F - m 2 dm 


+ m 2 ) 2 


-4 y/ m 2 dm ■ 


- m / 


(-m| - m 2 dm 


+ mj) 3 


4 




(- m L + m ) 


— m F ) 3 


12 (mL - 


m| ) 



In the following, we compute and display the quantity 

+i 

\M\ 2 = J \M\ 2 dcos9 cm 

-i 

where \M\ 2 is estimated in the centre of mass reference frame. With these 
conventions, the annihilation cross section times velocity is related to \M\ 2 
by: 

a ann v rel = ^— E ( 2Sl + 1) {2s, + 1) l " M|2 ' 

Ssi,sj denoting the usual sum over the spins of the incoming particles. Let us 
start with the annihilation of spin-1/2 Majorana fermions. 
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9.1.1 Majorana Dark Matter 




\M\ 2 = 8T mj m 2 Q C r m dm +(Cf + C r 2 )m f 



+ 



2T ( 2 m^ m (2Cf + 9Q 2 Cjf + 2C? 



!6C,C r (CJ 4 + C,?) m dm m/ - {Cf + 12Cf Cf. + C" r ) 
- 4Ti (Cf + C 2 ) m dm \jm\ m -m) ((Cf + C 2 ) m dm + 2C,C r m/ 



+ 3 m 2 m T 20 (2 C, C r m dm + (Q 2 + C 2 ) mf 
+ m 2 m T 21 f 4 (Q 4 +3Q 2 C 2 + C$ ) m\ m 



+ 20 d C r {Cf + C 2 ) m dm m f + (C 4 + 18 Cf C 2 + C r 4 ) m 2 , /3 



Our expression is consistent with that displayed in [40] for Bino-like particles. 
In particular, one readily sees that the S-wave annihilation cross section of 
two Majorana spin-1/2 particles into an ordinary fermion-antifermion pair is 
suppressed proportionately to m 2 / m% (in the local limit approximation) in 
the case of chiral couplings ( Cj C r = 0) while both the v dm dependent and 
independent terms turn out to be comparable if one allows for non chiral cou- 
plings. This is not expected to bring any drastic changes in the case of a light 
Dark Matter particle (mdm < 0( GeV)) because of the small mass difference 
between m^ m and mj but this may be more interesting in supersymmetry, 
when the lightest neutralino is heavier than the top quark (m x > mt) and 
there exists a mixing angle between the two stop eigenstates (ti and t r ). 
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9.1.2 Dirac Dark Matter 



dnr 



dm~ 



7 



In the case of spin-1/2 Dirac fermions, we find: 



\M\ 2 = 8 T m 2 dm ({Cf + C 2 r ) m dm + 2 Q C r m f \ 

8 Pdn 



+ 



7 {Cf + Cf)m 2 dm + 12 d C r m dm m f -(Cf + C 2 ) 



2Ti m dm (Cf + C 2 



m dm 

2 i r<2 



mj ({Cf + C; ) m dm + 2 Cj C r m f 



+ (3 T 20 + T 21 ) m^ m ( C/ + ) m dm + 2 C, C r m/ 



Both the S and P-wave contributions (or more precisely the velocity dependent 
and independent terms) are now dominated by m 2 dm / m A F (in the local limit) 
when C\ C r = 0. This is in contrast with spin-1/2 Majorana fermions where 
the S-wave is found to be proportional to m 2 / m% (in the same situation), 
indicating that Dirac and Majorana spin-1/2 particles do not behave in the 
same way. 



9.1.3 Self- conjugate scalar Dark Matter 



dm- 



dm- 



7 



dm- 



dm- 




In the case of the annihilation of two self-conjugate scalars, one finds: 



\M\ 2 = 16 T {{Cf + Cf )m f + 2Q C r m F ) 2 {m 2 dm - mj) 
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+ f PL ((Q 2 + C r) m f + 2 Q C r m F ) 



9 ( Cf + Cf ) m f + 2 C, C r m F T - 3 T x ( Cf + Cf ) m/ J m; 



dm 



77T,j 



+ (9T 20 + 2T 21 ) (Cf + C 2 ) m f + 2Q C r m F (m. 



,2 
dm 



m, 



The S-wave contribution is seen to be proportional to 1/ mp when the cou- 
plings are non chiral (instead of m 2 / mp as obtained for Majorana and 
771 dm / m F f° r Dirac particles). The corresponding cross section then appears 
almost independent of the Dark Matter mass, suggesting that it should be 
possible to get the correct relic density for light Dark Matter particles. 



9.1.4 Non self-conjugate scalar Dark Matter 



dm- 



dm* 



7 



The squared amplitude associated with the annihilation of non self-conjugate 
scalars into a fermion and antifermion pair is given by: 



\M\ 2 = 4 T (m- dm - my 

4 pL " 



+ 



3 

~i1 1 



1 ' 1 (Cf + Cf. ) m f + 2 Ci C r m F 
(Cf + Cf)m f + 2Q C r m F ^j 



rrij + 



2T 1 (Cf + Cf)m f ym- lni 

(3T 20 +T 21 ) (-m 2 dm + m 2 ) ( (Cf + Cf,)m f + 2Q C r m F ) 



+ 2T 6 Ci C r (Cf + Ci) m f m F + ( Cf + C r 4 ) (2m^ m + ) 



+ 6 C ; 2 C 2 (m 2 + m 2 



Here, both the S and P-wave contributions are proportional to 1/ mp in the 
case of non chiral couplings. Whether the couplings are chiral or not, our 
expressions for self-conjugate and non self-conjugate scalars are similar so the 
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assumption dm = dm* or dm ^ dm* is not crucial concerning the derivation 
of the annihilation cross section of scalar particles. 



9.2 Annihilation cross sections associated with the production of a U boson 



The cross section corresponding to the virtual s-channel production of a U 
boson is seen to be given by: 



O (llbrr ~ * ''Mm j L 



This cross section is very small when the £/ boson is very heavy but it is, on 
the other hand, of the good order of magnitude when the U boson is light 
enough, thereby allowing for light Dark Matter to satisfy the relic density 
condition (in which case, the U boson should be very weakly coupled). 



9.3 Elastic scattering cross sections of Dark Matter with neutrinos 



Let us now derive the square of the matrix element associated with the elastic 
scattering cross section of Dark Matter particles with neutrinos. Because the 
damping effects are expected to be due to free-streaming neutrinos (i.e. which 
have already decoupled), we shall estimate the corresponding cross sections 
at a time t > t dec ^ (where t dec ^ is the neutrino thermal "decoupling" time). 
Since we are dealing with Dark Matter particles heavier than a few MeV's, 
the condition t > tfeciv) can De translated in terms of the neutrino energy as: 
E v < m dm . Any dependence in E v would therefore tend to suppress the cross 
section. 
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Scalar Dark Matter particles 




The matrix elements corresponding to the elastic scattering of scalar Dark 
Matter particles with ordinary neutrinos through a fermion F exchange are 
given by: 

M u . e i = iu U2 Q P R (j) U2 - i> dmi + m F ) Q P L u u J (u- m 2 F ) , 
M s . ei = iu V2 Q Pr (f) Ui + f) dmi + m F ) Q P L u„J{s - m% ) . 

The s-channel does not contribute to the elastic scattering of "non self-conju- 
gate" Dark Matter particles. We make the reasonable assumption of chiral 
couplings dm — v — F° (which, within conventions defined in Section 2, means 
C r =0). This assumption actually kills the contribution in m F in the numer- 
ator, thereby preventing the elastic cross section to be "very" large. From the 
matrix elements given above, we found: 

|M| 

dm^dm* ; el 



and 

I I dm=dm* ; el 

The reason why \M\ dm=dmi ,. el vanishes identically in the local limit can be 
understood by rewriting the two matrix elements M t , M u with the use of the 
Dirac equation. The latter reduce (in the local limit approximation) to: 

M u = - Cf u U2 i> dmi P L u Ul I m F , 
M s = Cf u V2 i> dmi P L u Ul I m 2 F , 

so we find indeed M u + M s = 0. A similar cancellation (M u + M s = 0) also 
occurs when computing the annihilation process of two self-conjugate scalar 
Dark Matter particles in a pair neutrino-antineutrino. This can be checked by 
replacing mj and C r by zero in the results found in Section 9.1.3. On top 
of that, a partial wave analysis indicates that each of these matrix elements 
should be proportional to the neutrino energy so that the cross section for 



4 C 



(t-m%y 

-1 . 



(Pdmi-Pur) (Pdmi-P, 



m 



dm 



(Pux-P, 



cf 



[u — m 2 F ) 2 



su + m 



dm I i 



in the local limit 
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dm ^ dm* is indeed expected to be suppressed proportionately to the square 
of the neutrino energy. 

Let us now estimate the contribution of a new gauge boson. 



dm 



dm 



•u 



v 



The only possible diagram is a t-channel. The corresponding matrix element 
can be written as: 



\ U V2 ^P L U V1 



mt 



{t-ml 



where Q u = (p dmi + p d m 2 ) u and k u = (-p dmi +Pdm 2 )u- This provides: 

<^u JUi 



M 



[s-uY + t (Am 2 dm -t) 



(t-mlY 

which is proportional to the square of the neutrino energy. 



Fermionic Dark Matter particles 



dm 



-v 



-dm 





The matrix elements corresponding to the elastic scattering of fermions on 
neutrinos (disregarding the U contribution) are given by: 



; el 

QP R 



u — mi 



Udmo QP L U 



M 



s ; el 



u U2 CiP R v d , 



1 



rn 2 



s — mt 



Vd mi C t P L u 



Once again, the s-channel is expected to only contribute to the cross section 
associated with Majorana particles (but the s-channel actually also contributes 
for Dirac particles which would interact with antineutrinos). We found: 
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I M IL^ = 4 (Pdm x -Pu 2 ) (Pdm 2 -Pu 1 ) / (U - m 2 F ) 2 



and 



(u — m 



dm . 



u — m. 



|j/|2 r" 4 I m dm I _|_ l g m rim j 



Unlike scalars, there is no cancellation when dm = dm so that both Majo- 
rana and Dirac candidates are expected to yield a collisional damping effect, 
whether this effect turns out to be physically relevant or not. Here, we do not 
estimate the contribution of a new gauge boson (although potentially useful) 
since fermionic Dark Matter is not the main interest of this paper. 



9.4 Constraints from g — 2 





One of the most stringent constraints on the existence of a light gauge boson 
and light Dark Matter particles coupled to new fermions F comes from the 
muon and electron anomalous magnetic moments. The corresponding contri- 
butions can be derived from [45]. 



• The diagram associated with the possible existence of a new neutral gauge 
boson U is very similar to the Z contribution. 

When m M > mu > m e , the contribution of the U boson to the anomalous mag- 
netic moment of the muon is given by 5a r ^ l>rnu ~ -^zif 2 — fl C (^-) 2 ) 
where f v = ( j Vl + jv r )l% fa = {fu, ~ fu r )/ 2 and C is a numerical coef- 
ficient. In order to avoid a potentially large (negative) contribution from f a , 
and also for simplicity, we shall assume fy x = fu r , i.e. a vector coupling 
of the new gauge boson. This may be naturally obtained by using one extra 
Higgs singlet, in addition to the standard Higgs doublet, to trigger the spon- 
taneous breaking of the SU(3) x SU(2) x £7(1) x U(l) gauge group into the 
577(3) x U(l) subgroup of QCD x QED [16], as discussed in subsection 3.5. 
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Table 1 

We display the expressions of the coupling (fu t = fu r ) of the U boson to the muon 
(U — fjb — p,) and electron (U — e — e) in terms of Sa^ and 5a e , the extra contributions 
of the U boson to the muon and electron anomalous magnetic moments. We also 
give the value of Cu, the U boson coupling to the Dark Matter, that we obtain by 
using the relic density condition i.e. by imposing that ((T ann v re i) aTm associated with 
the virtual production of a U boson be equal to 10~ 27 — 10 -26 cm 3 s -1 . Cjj is then 
given for both 10 -27 and 10~ 26 cm 3 s -1 . We assume mdm ~ 2 m/ , mjj ^ 2m^ m . 





<5a M 


U coupled to ju : fu 


<5a e 


f7 coupled to e : 


( > 2 m dm ) 




U coupled to dm : Cu 




1/ coupled to dm : C'u 


m d m > «V 


12 7T 2 


fu, ~310- 6 

/ mu \ i Sa ii \l/2 
V MeV ' \ 10- s > 










Cu~(l- 4) 10- 2 

1 rn v \ / <5a M \-l/2 


f 2 2 
J U, m 2 

— 12 TV 2 


fu, ~ 7 10- 5 

/• m[7 n , 5a e \l/2 
^ MeV > \ 10- 11 ' 








m dm < m M 


f 2 


[ no annihilation 
into [i+fi- possible ] 




C v ^ (0.5 - 2) 10- 3 
( ™d m j 1 10-n J 



This implies 5a™^ >mu ~ 1.3 10" 2 that we have to compare with the 
difference between the experimental and standard model value, say (1-3) 10~ 9 
(extendable up to 3 or 5 1CT 9 ) [46]. From this comparison, one gets that fu t 
or fu T , associated with the vector coupling U — /i — ft should be lower than 
about (3 — 5) 10~ 4 . Similarly, imposing that the contribution to the anomalous 

magnetic moment of the electron (5a" lu>me ~ -r^S- be smaller than a 

& V e 12 7H ' 

few 10~ n (up to 8 1CT 11 ), we find that f Ut (= f Ur ) associated with the coupling 
U — e — e should be smaller than (7 — 20) 1CT 5 (-^f) , which gives at most 
(7 - 20) 10~ 3 when m M > m v > m e . 

The coupling Cu can be obtained by using the relic density argument, once 
the coupling f Ut fixed by the electron g — 2 (and potentially by the muon g — 2, 
if one assumes a universal relationship between the couplings of Dark Matter 
to the muon and electron). Note that the study of the muon g — 2 does not 
allow to derive the value of Cu for m M > mu since Dark Matter (assume to be 
lighter than the U boson) cannot annihilate into muons. Finally, for mu ~ 10 
MeV, 5a e = 3 10" 12 , we find f Ut = f Ur < A 10" 4 and Cu ~ 4 10" 3 . One can 
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do the same exercise for my > m^; the corresponding values can be obtained 
by using the Table. 

• A new (charged) fermionic particle (F) will contribute to the g — 2 of the 
muon and electron (hereafter denoted /) thanks to a diagram which involves 
two F particles and one Dark Matter particle. Using [45], the contribution of 
the new F particles is given by 



(C l+ C r f (x 2 - 8 3+X 2 ^) + (C-Cr) 2 (x 2 -X 3 -X 2 ^) 

m'fx 2 + (m' 2 F -m'f)x+m' 2 dm (l-x) 

When rriF ^ mi and C\C r ^ (which is the case we are interesting 
in) the contribution 8a!f F ^ >mi ~ ^W^m™' * s f° un d to be proportional to 
mi/rriF rather than to (mi/mp) 2 . To satisfy the g — 2 constraints, the 
product C\ C r should then be about 1CT 3 (rnp/100 GeV) (or smaller). This 
is actually in contradiction with the relic density condition which imposes 
Q C r ~ 10~ 2 (m F /100GeV). 

It therefore seems impossible to satisfy these two conditions simultaneously. 
However, other particles could bring a similar contribution to g — 2 but with 
an opposite sign, thus cancelling the F contribution. This can be achieved, 
for instance, by introducing a neutral fermion F°, a charged scalar H with a 
mass m F ~ m F o m H ^> m dm and a coupling F°-H-l (somewhat equiva- 
lent in supersymmetry to ^-l-l) of the same order as F-dm-/. The additional 
contribution to g — 2 (associated with the diagram with two H and a F°) 
would be given (for m F o > m H ) by af ~ - ^J?^™ 1 = - c ^ %" a i ■ 
Therefore the contribution af could actually cancel that of af if one requires 
Ci h C r H — Ci C r and some fine tuning between the F and F° masses (ba- 
sically one can use for instance m# ^ 0(100) GeV, m F o ~ 10 m H , and 
trip- ~ 11.8 ma)- Such a spectrum might lead us to consider a multiplet 
including a neutral scalar Dark Matter particle together with heavy charged 
scalar. 

Such a cancellation can also occur quite naturally in the framework of theories 
originating from N = 2 extended supersymmetry or extra dimensions (cf. 
Section 8), through the introduction of a new light neutral spin-0 particle. 
Both Dark Matter and the new neutral spin-0 particle would have non chiral 
couplings but one would be a scalar and the other one, a pseudoscalar. Their 
respective contributions to the muon or electron g — 2 are expected to be of the 
same magnitude but of opposite sign. Their sum would be therefore naturally 
small (of the order of (m^/mp) 2 ), whether each individual contribution is large 
or not. This actually allows for a sufficiently large value of the annihilation 
cross section without being in conflict with g — 2 constraints. 



2 1 



mf f 



dx 

o 
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In a N = 2 supersymmetric framework for example, both scalar and pseudo- 
scalar spin-0 photons would have, separately, non chiral couplings to muons/ 
mirror muon (or electron/mirror electrons) pairs. The non chiral character of 
the couplings of a relatively light scalar spin-0 photon (a 7 ) , here considered as a 
possible Dark Matter candidate, would allow for sufficiently large annihilation 
cross sections (a 7 a 7 — > //). The pseudoscalar spin-0 photon field (6 7 ) could 
have a somewhat larger mass (of e.g. a few GeV's, for example). The dominant 
contributions of the a 7 and 6 7 exchanges to the charged lepton g — 2 's would 
then largely cancel out. This may be easily understood since the complex 
combination (a 7 — ib 7 )/ v^2 behaves (as far as g — 2 is concerned and as long as 
the mass splitting between the two spin-0 photons is not too large compared to 
the mirror fermion mass mp), as a single complex field with chiral couplings, 
resulting globally in a small (positive) contribution to a M , e oc -f^ m f l ,,e/' m F 
(while the contribution is oc m^/mp for a 7 and 6 7 separately), which is lower 
than about 10~ 9 for m F > 100 GeV. 




The new gauge boson is supposed to be massive enough to decay into a pair 
fermion-antifermion (e.g. e + e~ and of course uu), and, if there is enough phase 
space, into two Dark Matter particles. The two body decay rate into a fermion- 
antifermion pair is given by T{j ~ mu l2 ^ Jl , (assuming vectorial couplings fui = 
fur for massive fermions), and the corresponding partial lifetime by 

t(j ~ 2.5 10~ 12 (mu/MeV)- 1 (f m /W~ 4 )~ 2 s . 

The two body decay rate into two spin-0 (non self-conjugate) Dark Matter 
particles is, on the other hand, given by Tfj 1 ~ mu ^ u — ^J^) > w hich implies 

4 m ~ 10- 11 (mu/MeV)- 1 [Cu/l^y 2 s. 

With Cu = 3 10" 3 , as obtained if 5a e = 3 10~ 12 , m dm = 4 MeV and 
m u I mdm = 2.5, one gets r^ m ~ 10 -15 s. The corresponding value of fu l 
for these parameters being of 4 10~ 4 , we find ~ 1.5 10 _14 s. In such situa- 
tions the decay into two Dark Matter particles can dominate over the decay 
into a pair fermion-antifermion (with a branching ratio Bf = Tf/T tot of about 
6 10~ 2 ). The U boson would then mainly decay into "missing energy" and 
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would, most likely, also escape searches in nuclear transitions [47]. This there- 
fore indicates that, for some values of the parameters, the coupling of the U 
boson with Dark Matter can allow for a short U boson lifetime without vio- 
lating the g — 2 constraints (i.e. without requiring a cancellation mechanism 
so as to satisfy the g — 2 constraints)! 

9. 6 Constraints from direct U production and initial state radiation 

The existence of a U boson could also be constrained, directly or indirectly, 
by accelerator searches, through the processes e + e~ — > 7 U or e + e~ 
dm dm. Once produced directly (i.e. e + e~ — > 7 U), the U boson may have 
invisible and visible decay modes (depending on whether it decays into dm dm, 
vv or e + e~, for instance). The invisible modes are expected to be dominant, 
according to the branching ratios discussed previously, but the visible modes 
could nevertheless be important depending on the cross section associated 
with the U boson production. 

Direct U boson production 

e + [WWW 7 

e 

e~ — ► k/vww U 

This process is similar to e + e~ annihilation into two photons (especially for 
y/s > 10 MeV) in which one would replace a photon by a U boson. One 
therefore expects the associated differential cross section (^)c/ 7 to be, at en- 

ergy E e > m Ut equal to (g)^ ~ 2 (^/ e 2 ) (f ) 77 , say tJk. 1^, in the 

centre-of-mass frame (with s = 4-Eg). The U boson's production should there- 
fore be suppressed by a factor ^ 10~ 4 as compared to the annihilation into 
two photons. With the value f Ut ~ 7 10 -5 (^r) 1/2 as mentioned earlier, 
we get a suppression factor of about 5 10 -8 (^^f) 2 ( jjpfa ) ■ This implies a 
cross section smaller than 

[dn)^-^" [lGeVj {AW-*) sin 2 ^ Cm ' 

which seems large enough to be of interest for collider experiments depend- 
ing on fu t . However, even in the case of a large cross section, very energetic 
photons, as produced in this process, might be easily confused with that orig- 
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inating from QED events (especially if the U then decays in visible modes) so 
it might be difficult to exclude such a possibility. 



If the U boson mainly decays into Dark Matter, then the U production process 
turns out to be of the type e + e~ — > 7 + -^ , where If is missing energy, which is 
of interest in experiments searching for single photon production events. But, 
in the case of a light Dark Matter candidate, such a process is likely to remain 
unobserved, owing to the large background associated with e + e~ — > 77, in 
which one of the two photons escapes detection. 

Still it may be useful to compare our estimate to the sensitivity of "neutrino 
counting" experiments, where two neutrinos are produced in e + e~ annihila- 
tions and a single photon is used to trigger on the event (e + e~ — > 1/P7). The 
standard model cross section, at yfs = 29 GeV, for a tag photon with an energy 
greater than 1 GeV in the direction # 7 > 20°, is about 0.04 pb for N u = 3 (and 
greater for N u > 3). The experimental constraint, at this energy, is N v < 7.9 
at 90% CL [48], which corresponds to a cross section of 0.07 pb. Therefore 
extra particles with a cross section lower than 0.03 pb at y/s = 29 GeV are, in 
principle, allowed. At LEP, where the limit on N v is much better because the 
energy in the centre-of-mass frame is closer to the Z pole [49,50], we expect 

4 ^'-4 ) cm 2 , say 

much lower than the cross section e + e~ — > z/z/7. This again indicates that the 
existence of a U boson should have escaped searches for "missing energy" . 

Anomalous single photon production 



Here are the diagrams involved in Initial State Radiation (ISR) mechanism: 




Because the direct production of Dark Matter particles from e + e~ annihila- 
tions consists only in "missing energy" (carried away by the two unobserved 
Dark Matter particles), a possible signature to search for in accelerator experi- 
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merits consists in the emission, by the incoming particles (or by the exchanged 
particles when one deals with a charged F) , of a single photon: 

e + e~ — > 7 dm dm . 

This process is similar to the one involved in neutrino, neutralino or sneutrino 
searches so we can use existing limits to determine whether light Dark Matter 
particles can be viable or not. 

The diagrams are basically the same as for sneutrino production but the Z 
boson is replaced by a U boson and the chargino by a F particle [48]. The 
annihilations through the virtual production of a U and a Z boson seem at 
a first glance similar (the smallness of the couplings compensates the dif- 
ference of mass between the Z and U bosons). However, because we are 
considering a light gauge boson, the cross section - usually proportional to 
G 2 F E 2 /Y2ix ~ 1CT 39 (-E/ GeV) 2 cm 2 for E < M z for ordinary weak interactions 

- is replaced by f 2 uC 2 /E 2 < 6 1(T 42 (^) 4 (f^)~ 2 (E/ GeV) -2 cm 2 . 
This indicates that the pair production of Dark Matter particles through the 
virtual production of a £/-boson is indeed generally lower than the weak- 
interaction production of neutrino pairs. Anomalous single photon production 
due to e + e~ — > dm dm 7 would then have escaped even "low energy" exper- 
iments (in particular, those appropriate for neutrino counting like PETRA 
and PEP experiments), if they proceed through the virtual production of a U 
boson. 

The Dark Matter production through F exchanges seems, on the other hand, 
much closer to experimental limits, and therefore more interesting for accel- 
erator experiments. The matrix elements associated with the emission of a 
photon by the incoming particles are given by: 

Mi = 4" v ~i ( °i P R + °r Pl) Cp/ + m F ) (QP L + C r P R ) (jp/, - jt + m e )Jk u 2 , 
M 2 = 4r vijk (pi - jk +m e )(C l P R + C r P L ){p£ +m F ){C l P L + C r P R )u 2 , 



while the matrix amplitude associated with the emission of a photon by the 
exchanged particle can be written as: 



M 3 = TT v ~i (QPR+ C r Pl) {pfL + m F )jt ( PF £ + m F ) (QP L + C r P R ) u 2 , 
^3 

(14) 

with p Fl = p ei - p drni , p F2 = p e2 - p drn2 , D l = 2k.p 2 (p 2 F - m 2 F ), D 2 = 
2k.p x (p 2 F -m 2 F ) and D 3 = ((p ei -p dmi ) 2 -m 2 F ) ((p ea - p dm2 ) 2 - m 2 F ) . The lead- 
ing term in each squared matrix amplitude associated with (13) is given, in the 
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case of chiral couplings and neglecting the electron mass, by 8( C\ C r ) 2 / mp 2 ■ 
The leading term in the squared matrix amplitude associated with (14) is, on 
the other hand, given by 4 E\ ( Cf + Cf)/ m F for E e < m F . Since we consider 
values of m F greater than 100 GeV, the squared matrix amplitude associated 
with (14) appears slightly suppressed compared to that associated with (13). 
We can therefore neglect (14) to get a first estimate. 

Owing to the relation Cf C 2 / m F 2 £ 4 7r a ann v re i (where we impose a ann v re i ^ 
10 -26 — 10 -27 cm 3 s -1 so as to justify an asymmetry, as necessary if m^m ^ 100 
MeV), the single photon production 18 cross section e + e~ — > dm dm 7 is 
expected to be of the order of cr 7 ~ 4 a x (cr ann v re i) /4tt c, i.e. cr' y ~ 
x 1 Q-26cm3 e s-i ( x being defined as = x E e and assuming E e 3> md m > 
m e ). This order of magnitude (although close enough to experimental lim- 
its to justify further studies since cr 7 ~ £lep)> tends to suggest that light 
Dark Matter particles could have indeed escaped previous collider (e.g. PEP, 
LEP) experiments. (We note moreover that cr 7 is also very close to the (LSP) 
neutralino-associated single-photon process for neutralino masses larger than 
present experimental limits.) 

U -strahlung. 



e 




U 



These are examples of ?7strahlung. Because of the smallness of the U bo- 
son coupling to ordinary particles, such processes are expected to be at least 
3 10~ 7 (mjj/ MeV) 2 times lower than the single photon production process 
(e + e~ — > ffj). These should be difficult to detect for a light U boson having 
a mass m dm < 0( GeV). 
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